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Studies on the ‘Fermentation’ of Ceylon Tea 
4. ESTIMATION OF THE OXIDIZING ENZYME ACTIVITY 


By H. B. SREERANGACHAR, Tea Research Institute of Ceylon, Talawakelle 


(Received 8 July 1943) 


In our previous studies [Lamb & Sreerangachar, 
1940a, b] the oxidizing activity of the tea-leaf 
enzyme was measured by following the changes in 
the tannin content of an enzyme-substrate reaction 
mixture by the iodine titration method. In stressing 
the limitations of this method it was stated that it 
did not afford any indication of complex changes 
such as condensation, and there existed a possibility 
that the results were subject to an error due to 
these causes. 

The oxidizing enzyme in tea leaf is a polyphenol 
oxidase and ascorbic acid is only indirectly oxidized 
in the presence of a suitable polyphenol. The func- 
tion of the polyphenol in this reaction is that of an 
oxygen carrier, and its permanent oxidation be- 
comes noticeable only after the complete oxidation 
of all ascorbic acid. The o-quinones are continually 
removed from the sphere of reaction and therefore 
their condensation cannot occur as long as there is 
an excess of ascorbic acid in the system. The ascorbic 
acid reaction thus provides the basis of a more re- 
liable method for measuring enzyme activity in the 
tea-leaf enzyme preparation. Ezell & Gerhardt 
[1940] have likewise employed ascorbic acid as a 
substrate in the determination of oxidase activity 
in fruits and vegetables. 


tX PERIMENTAL 


Enzyme preparation and properties. The enzyme prepara- 
tion employed in this investigation was obtained by grinding 
tea leaf with sand under acetone, washing until free of all 
colouring constituents and rapidly drying under vacuum. 
This acetone-prepared leaf powder was all but polyphenol- 
free and exerted only a very weak oxidizing action on pure 
l-ascorbiec acid. Gradual removal of the associated poly- 
phenols from this tissue powder rendered the enzyme pro- 
gressively inactive towards ascorbic acid. Thus on extrac- 
tion with water and exhaustive washing, a large fraction of 
the residual tannin was removed and the ascorbic acid 
oxidation activity fell markedly. Aeration for 2-3 hr. of 
a suspension in water of the extracted enzyme powder did 
not remove any further quantities of polyphenol; grinding 
the extracted powder with sand and water, filtering and 
washing resulted in the material still giving a positive ferric 
chloride reaction for tannin substrates. However, when 
the ground mass was treated with an excess of a dilute 
solution of ascorbic acid it was found possible to extract 
completely the last traces of polyphenol. The ascorbic acid 
oxidation activity of this final preparation is almost negli- 
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gible. Table 1 gives results showing both the polyphenol 
oxidase activity on a prepared tea-tannin substrate solution 
measured iodometrically and the ascorbic acid oxidation 
activity estimated by the use of the 2:6-dichlorophenol- 
indophenol method at the above different stages of extrac- 
tion. The reactions were all carried out in presence of 
Mcllvaine’s buffer at pH 5-4. 
Table 1. Effect of polyphenol removal 
on enzyme activity 
Activity/0-1 g. 
enzyme powder 


Poly- Ascorbic 
phenol acid 
oxidase  oxida- 
activity tion 
(4hr.) (5 min.) 

(ml. (mg. 

N/20 ascorbic 

Extraction stage Na,S,0,) acid) 

1. Unextracted powder 10-5 0-29 
2. After extraction with MclIlvaine’s 12-8 0-09 

buffer at pH 7-0 and complete 

washing 
3. After aeration 12-0 0-07 
4. After grinding with sand and water — 0-06 
5. After treatment with ascorbic acid 18-4 0-002 


These results indicate that the enzyme in question is not 
ascorbic acid oxidase but that it is polyphenol oxidase, of 
which the activity increases on partial purification. Since 
the complete removal of all tissue-bound polyphenols 
renders the enzyme practically inactive towards ascorbic 
acid there can be no reasonable doubt that the ascorbic acid 
oxidation activity of the unextracted powder was due to an 
indirect action of a polyphenol-polyphenol oxidase system. 

The ascorbic acid oxidation activity exhibited by the 
enzyme in the presence of polyphenol was, however, found 
to vary according to the amount of polyphenol present. It 
became, therefore, necessary to find out the optimum quan- 
tity of polyphenol that would give the maximum enzyme 
activity. Two polyphenols, catechol and amorphous tea 
tannin, were so studied and Table 2 shows the effect of their 
addition on ascorbic acid oxidation by the enzyme. The 
reaction mixture consisted of 5 ml. 0-1% ascorbic acid 
solution, 4 ml. distilled water, 1 ml. catechol or tea-tannin 
solution containing various amounts of polyphenol, and 
20 mg. acetone-prepared enzyme powder. The mixture was 
aerated for 1 hr., after which it was filtered and 5 ml. 
titrated with a standard solution of 2:6-dichlorophenol- 
indophenol. Neither 100 mg. catechol nor 20 mg. tea tannin, 
the maximum amounts of polyphenols employed in this 
experiment, gave any blank 2:6-dye titre when dissolved 
in 5ml. A control experiment in which the polyphenol 
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654 
solution was replaced by 20% solution of trichloroacetic 
acid was also run at the same time, and the enzyme activity 


obtained by the difference between the control and experi- 
mental values. 





Table 2. Effect of addition of polyphenols on 
ascorbic acid oxidation activity 


Catechol Tea tannin 


A. 
c ~ 


Enzyme activity 
(mg. ascorbic acid) 


ae. 
Enzyme activity 
(mg. ascorbic acid) 


mg. oe, mg. 
added (a)* (b)* added (a)* (b)* 
0 0-27 0-98 0 0-80 0-98 
0-5 0-82 — 0-5 1-16 _— 
1-0 0-96 1-0 1-20 — 
2-0 0-92 _ 2-0 1-59 —_ 
3-0 0-98 —- 4-0 1-63 — 
4-0 1-06 — 5-0 _— 3:77 
5-0 1-33 —- 10-0 ~- 4-06 
10-0 1-53 — 20-0 — 5-02 
15-0 1-94 -~ 40-0 — 4-53 
20-0 2-10 -= = — _- 
25-0 2-22 2-90 = _- —_ 
50-0 -— 2-04 = — — 
100-0 —- 1-22 -= — — 


* (a) and (b) represent two separate enzyme preparations. 


The results (Table 2) show that in a total volume (10 ml.) 
of the reaction mixture either 25 mg. catechol or 20 mg. 
tea tannin gave optimum values for ascorbic acid oxidation 
activity, which is higher in the case of tea tannin than 
catechol. But as the preparation of tea tannin in pure state 
is tedious and its identity still uncertain it was thought 
desirable to employ only the more definite compound, cate- 
chol. Instead of using catechol and ascorbic acid solutions 
separately it is convenient to prepare a mixed substrate 
solution containing 0-1 % ascorbic acid and 0-5 % catechol. 
5 ml. of this solution, containing 5 mg. ascorbic acid and 
25 mg. catechol, are usually employed in each reaction. 

Optimum pH and temperature. The optimum conditions 
for ascorbic acid oxidation by the tea-leaf enzyme system 
are shown in Table 3. Mcllvaine’s buffer at various pH 
values was employed and the reactions for determination 
of optimum temperature were carried out in a thermostat 
at pH 5-4. There was slight autoxidation of ascorbic acid 
at pH >6-0 and the values were corrected for such autoxi- 
dation errors. 


Table 3. Optimum pH and temperature 


Enzyme activity 
(mg. ascorbic acid) 


Enzyme activity 
(mg. ascorbic acid) 


a—_— Fo 
Mixed Insoluble 


Mixed Insoluble Temp. 

pH enzyme enzyme (°C.) enzyme enzyme 
4-0 2-34 2-00 16 1-14 1-22 
4-6 2-48 1-80 21 1-59 1-47 
5-0 2-85 — 27 1-79 1-92 
5-4 2-73 2-53 32 1-26 1-71 
6-0 1-82 1-84 38 1-06 1-29 
7-0 1-49 1-13 

8-0 1-36 1-18 


The mixed and insoluble enzymes were derived from 
different samples of leaf. The optimum pH for the mixed 
and the insoluble enzymes is 5-0 and 5-4 respectively, while 
both enzymes have the same optimum temperature, 27°. 
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Relation between soluble, insoluble and mixed enzymes. In 
earlier investigations it was shown that the activity of the 
unextracted powder was not equal to but always less than 
the sum of the activities of the extract and the residue. 
When this question was reinvestigated by the ascorbic acid 
method, it was observed that the activity of the unextracted 
powder consisted of those due to the soluble and insoluble 
enzymes. To a mixture of 5 ml. of ascorbic acid-catechol 
substrate and 5 ml. MclIlvaine’s buffer at pH 5-4 the 
enzyme was added in the following forms: (1) unextracted 
powder (20 mg.), (2) insoluble enzyme from 20 mg. unex- 
tracted powder, and (3) enzyme extract (2 ml.) derived 
from 20 mg. unextracted powder. The reactions were carried 
out separately. At the end of 1 hr., the enzyme activities 
were estimated by titration of 5 ml. filtrates in the case of 
solid enzymes and 6 ml. in the case of the enzyme extract. 
The results are shown in Table 4. 


Table 4. Activities of soluble, insoluble 
and mixed enzymes 


mg. ascorbic acid oxidized 
ee 


” egees ae el 
I II III 
Soluble enzyme 0-82 0-41 0-28 
Insoluble enzyme 3-56 1-41 0-90 
Mixed enzyme 4-32 1-80 1-15 


It can be concluded that the activity of the mixed enzyme 
represents the total of the soluble and insoluble enzyme 
activities, and therefore the acetone-prepared enzyme can 
be employed in any comparative study of the enzyme con- 
tents of tea-leaf samples. Condensation is eliminated in 
the present method, and it is possible that the explanation 
of the discrepancy between these results and the previous 
ones is in some way connected with this condensation 
phenomenon. : 

Effect of concentration of enzyme. That the activity is 
proportional to the amount of the reacting enzyme is shown 
(Table 5) by an experiment in which the quantities of the 


Table 5. Effect of enzyme concentration 
Quantity of enzyme powder Activity 
(mg.) (mg. ascorbic acid) 
5 0-3 

10 0-58 

20 1-17 

40 2-45 

60 3-57 


enzyme were varied, keeping the other conditions the same. 
The period of reaction was, however, reduced to 30 min. in 
order to compare the activities while the reaction is pro- 
ceeding briskly. 

The ascorbic acid method can therefore be employed in 
tea-fermentation studies, especially in cases where it is 
required to assess or compare the enzyme activities. Such 
an application of the method has already been made in the 
study of enzyme activity in individual bushes. 


Description of the proposed method 
and its advantages 


Acetone-prepared enzyme powder (20 mg.) is 
weighed into a 50 ml. test-tube containing 5 ml. 
Mcllvaine’s buffer at pH 5-0 and 5 ml. catechol- 








es 


1 
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ascorbic acid substrate solution. The mixture is 
aerated for 1 hr., and 5 ml. filtrate are titrated in 
presence of I1ml. 20% trichloroacetic acid with 
2:6-dichlorophenol-indophenol solution standard- 
ized according to the method of Menaker & 
Guerrant [1939] for its ascorbic acid equivalent. 

A control with the same quantities of enzyme 
and substrate but with 5 ml. 10% trichloroacetic 
acid solution instead of buffer is also run at the 
same time. The difference between the control value, 
which provides the initial amount of ascorbic acid, 
and the experimental result gives the amount of 
ascorbie acid oxidized during the reaction or, in 
other words, the enzyme activity. It has been 
established by a separate control that there are no 
autoxidation errors in the reaction at pH 5-0. No 
difficulty has been encountered in the dye titration 
of ascorbic acid due to the normal colour of either 
the enzyme extracts from tea leaf or its juice. 

The iodometric method of measuring enzyme 
activity depends upon estimations of tannin by 
iodine titration, the limitations of which have been 
already stressed. The present method, on the other 
hand, has several advantages: (1) Both the chemi- 
cals used in substrate solution are of well-defined 
constitution and can be obtained in a high degree 
of purity. (2) The method is fairly rapid and does 
not involve the necessity of observing a standard 
time of reaction during titrations. (3) Greater 


accuracy is obtained not only in titrations but also_ 


from the fact that condensation errors are elimi- 
nated. (4) In iodometric titrations it was either 
necessary to obtain a completely tannin-free enzyme 
preparation or 2 control had to be run to determine 
the amount of buffer-extractable polyphenols. In 
the ascorbic acid method this is obviously unneces- 
sary, as polyphenols are in fact added to the re- 
action mixture. 


DISCUSSION 


Condensation changes which follow the accumula- 
tion of o-quinones in a reaction mixture can take 
place between two or more molecules of 0-quinones 
themselves or between one molecule of o-quinone 
and one or more molecules of unoxidized poly- 
phenol. Such condensed products are oxidized by 
iodine relatively more slowly than the original 
polyphenols, and this fact is reflected in an apparent 
fall in their iodine titre. Some indication of this is 
afforded by our results on catechol oxidation by 
oxidase and peroxidase [Lamb & Sreerangachar, 
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19406]. Oxidase activity produced very little 
change in iodine titre, whereas peroxidase produced 
a marked fall in titre, and it appeared that per- 
oxidase activity resulted in the formation of 
more condensation products than does oxidase 
activity. 

The criticism of Shaw’s iodometriec method for 
the volumetric estimation of tea tannin by Barua 
& Roberts [1940] is based on this question of con- 
densation of tannin bodies after oxidation and the 
errors that may be introduced thereby. Reference 
to Table 3 shows that the conditions of optimum 
pH and temperature for the action of the tea- 
insoluble enzyme are almost the same when deter- 
mined by the iodometric method previously used 
and by the present ascorbic acid method, which is 
independent of any interference due to condensa- 
tion. Our previous conclusions, which were mostly 
based on the iodometric method, may not then be 
substantially affected by errors due to condensation. 

An explanation of this agreement may perhaps 
be suggested. As condensation is a chemical re- 
action, it is reasonable to assume that the rate and 
amount of condensation of oxidized tannins will 
bear a definite relation to the amount of oxidized 
tannins present, which in its turn will be related to 
the activity of the enzyme. The fall in iodine titre 
due to the condensation factor would, therefore, 
vary in proportion to the enzyme activity itself, so 
that the method can still be employed in any com- 
parative study of enzyme activities. 

Further investigation is needed to amplify our 
present insufficient knowledge about this conden- 
sation process of oxidized tea tannin bodies. For 
example, it is not known whether or not the con- 
densation phenomena are attended by any further 
oxygen uptake or even by simple dilatometric 
changes, in which case the manometric results on 
the fermentation of tea may be regarded as subject 
to an error. 


SUMMARY 


1. A new method of estimating oxidase activity 
in tea, by the use of ascorbic acid as substrate, has 
been described. The method is simple, accurate and 
avoids errors due to condensation of oxidized poly- 
phenols, which was the chief drawback of the 
iodine titration method. 

2. The values for the optimum pH and tem- 
perature of the insoluble enzyme are confirmed by 
this new method. 
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Studies on the ‘Fermentation’ of Ceylon Tea 


5. COMPARATIVE RATES OF OXIDATION OF DIFFERENT POLYPHENOLIC 
SUBSTRATES BY TEA-OXIDIZING ENZYMES 


By H. B. SREERANGACHAR, Tea Research Institute of Ceylon, Talawakelle 


(Received 8 July 1943) 


The oxidizing-enzyme preparation employed in pre- 
vious work was obtained from tea by grinding fresh 
leaf under acetone until the residue was almost 
completely free of all colouring constituents of the 
leaf. 

Among the differences that exist between the 
in vitro action of this acetone-prepared tea enzyme 
and the in vivo reaction in the minced leaf are the 
rates of oxidation of different polyphenolic sub- 
strates. Thus, acetone-prepared enzyme oxidizes 
catechol about two or three times as rapidly as it 
does tea tannin [Lamb & Sreerangachar, 1940], 
whereas in the fermenting leaf-mince to which the 
polyphenolic substrates are introduced after com- 
pletion of its initial fermentation, tea tannin is 
oxidized at about three times the rate of catechol 
oxidation [Harrison & Roberts, 1939]. 

There is obviously one main difference between 
the conditions that exist in the minced-leaf system 
prior to the addition of the polyphenolic substrates, 
and those obtaining in the acetone-prepared enzyme 
reaction system. In the former, the leaf poly- 
phenols are, as a result of initial reactions, in 
various stages of oxidation and condensation, 
whereas in the latter such oxidized products of tea 
tannin are absent at the commencement of the 
reaction. The object of the present investigation is 
to find out the exact influence of these oxidized 
polyphenols on subsequent oxidation reactions, and 
to arrive at a clear distinction between the direct 
reactions of the enzyme and the possible indirect 
action of other substances present. 


EXPERIMENTAL 


Methods. The rates of oxidation of different poly- 
phenols by tea enzymes, as shown by their oxygen 
uptake, were measured at 25° with Barcroft’s appa- 
ratus [cf. Sreerangachar, 1941]. Observations in- 


cluded reactions in the fresh-leaf mince and also 
in vitro reactions of prepared enzyme and substrate. 
In the latter type of reaction, the enzyme powder 
was initially kept floating on the substrate solution 
in small ‘pliofilm’ boats which could be upset when- 
ever desired by shaking the apparatus, thus bringing 
the enzyme and substrate into contact with each 


other. Any complication due to respiration changes 
was avoided by not introducing KOH into the 
central tube. Such a contingency arose only when 
fresh-leaf mince was used; for in the case of in vitro 
reaction mixtures the system was entirely free from 
living tissues. The polyphenolic substrate solutions 
employed were all of M/10 concentration. The 
amorphous tea tannin was prepared by the Tocklai 
modification of Shaw’s method [1935], and all gallic 
acid was removed from it by extraction with dry 
ether. 

Substrate specificity. Attention was first directed 
towards finding out the relative rates of oxidation 
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Fig. 1. Oxidation by acetone-prepared tea enzyme. 
I, catechol; II, tea tannin. 


of catechol and tea tannin by the use of the same 
enzyme preparation. Acetone-prepared enzyme 
powder (50 mg.) was allowed to react on 2 ml. 
substrate solution to which 2 ml. McIlvaine’s buffer 
solution at pH 5-0 were added. Fig. 1 represents 
the course of oxygen uptake by two such systems, 
and it will be seen that the rate of oxidation of 
catechol is higher than that of tea tannin, although 
the difference is not as great as that obtained pre- 
viously with different enzyme preparations. This 
has been confirmed in several experiments. 

The rate of oxidation of a few other substrates 
available here, namely, pyrogallol, ascorbic acid 
and quinol, were then studied in comparison with 
catechol and tea tannin (Fig. 2). The enzyme 
oxidizes catechol, tea tannin and pyrogallol, mem- 
bers of a class of substrates to which the enzyme is 
specific, more rapidly than it does ascorbic acid 
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and quinol, which do not belong to this specific 
class. The slight oxidizing action observed on 
ascorbic acid and quinol is due to the indirect in- 
fluence of minute quantities of original polyphenols 
in the enzyme powder which resist complete ex- 
traction with acetone. 
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Fig. 2. Oxidation of polyphenols by acetone-prepared 
enzyme. I, catechol; II, tea tannin; III, pyrogallol; 
IV, ascorbic acid; V, quinol. 


The oxygen uptake of the leaf-mince suspension 
came almost to a standstill after about 90-120 min. 
and the relative rates of oxidation of polyphenolic 
substrates were then measured by introducing them 
at this stage to the leaf-mince system. It was 
observed that tea tannin was oxidized more rapidly 
than- catechol as shown in Fig. 3, I. Harrison & 
Roberts [1939] in Assam also found that tea tannin 
is oxidized about three times as rapidly as catechol 
with minced leaf. 

Influence of oxidation products. A study of these 
results suggested that the tea polyphenols existing 
in different stages of oxidation and condensation as 
a result of the initial fermentation reaction in the 
leaf mince might probably be the chief cause of the 
difference between the results with acetone-prepared 
enzyme and those obtained with leaf mince. The 
interference of the oxidized products of tea poly- 
phenols with the oxidation rates of polyphenols 
subsequently added might have been so pronounced 
as even to reverse the relative rates of oxidation of 
tea tannin and catechol. In order to test this hypo- 
thesis, fresh-leaf mince was repeatedly washed with 
water after its initial reaction, to remove the accu- 
mulated oxidation products, and the residue allowed 
to react on catechol and tea tannin. It was then 
found that the oxidation of tea tannin not only 
ceased to be faster than that of catechol but its rate 
was either the same or even lower than that of 
catechol as shown in Fig. 3, II. 
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The use of acetone, to remove the oxidation 
products from the leaf mince after the initial re- 
action, yields still better results, due to a greater 
extraction of these materials, though perhaps not 
so completely as in the preparation of enzyme from 
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Fig. 3. O, uptake of leaf-mince suspensions with added 
substrates. I, reactions in presence of tannin oxidation 
products; II, ditto after removal of these by washing the 
tissues; III, ditto after removal by acetone extraction. 


fresh leaf. Comparison with the results of water 
extraction reveals that acetone treatment does not 
appreciably inhibit the enzyme with respect to its 
rate of polyphenol oxidation. The rates of oxidation 
of catechol and tea tannin by the acetone-extracted 
residue, from leaf mince which had undergone the 
initial fermentation reaction, are in the same order 
as those observed in the case of acetone-prepared 
enzyme, although in the former case the difference 
between the oxidation rates of catechol and theo- 
tannin is not as great as in the latter. Fig. 3, III 
shows that catechol is being oxidized slightly more 
rapidly than tea tannin by the acetone-extracted 
residue of leaf mince which had previously been 
fermented. 

Further confirmation of the influence of the tea- 
tannin oxidation products on subsequent oxidations 
of catechol and of tea tannin was obtained when 
these products, from another experiment, were 
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added to the reaction mixtures of the acetone- 
prepared enzyme on the one hand and catechol 
and tea tannin on the other. The relative rates of 
reaction at once changed, tea tannin being then 
oxidized more rapidly than catechol. 

When this evidence concerning the influence of 
tea-tannin oxidation products on the subsequent 
oxidations of catechol and tea tannin had been 
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mentally the oxidized product of quinol, as pure 
p-quinone was available. A M/20 solution of p- 
quinone was used. Solutions (2 ml.) of these three 
oxidized polyphenols were added to each of the 
polyphenol-enzyme mixtures and the oxygen uptake 
measured by manometric methods. Fig. 4 repre- 
sents the results obtained. The results shown in 
dotted lines (Fig. 4, A, D).were obtained with a 


O, uptake (yl.) 


Quinol 





0 20 40 60 80 100 
Min. 


Fig. 4. A, oxidation of polyphenols by acetone-prepared enzyme from tea; B, reactions with added catechol oxidation 
products; C, ditto with added p-quinone; D, ditto with added tea-tannin oxidation products. Dotted lines in A and D 


represent reactions with a different enzyme. 


gathered it was of interest to find out whether such 
behaviour was peculiar only to the tea-tannin oxi- 
dation products or whether it was generally true of 
the oxidized products of other polyphenols as well. 
The general scheme of the experiment was that the 
oxidized products of three phenolic bodies, catechol, 
quinol and tea tannin, should be added at the 
commencement of the reaction to systems each con- 
taining one of these polyphenols and the acetone- 
prepared enzyme. Comparisons of oxygen uptake 
results of two otherwise corresponding systems, 
with and without the addition of oxidation pro- 
ducts, would reveal the effect, if any, of such 
additions. The oxidized products of catechol and 
tea tannin were obtained by oxidizing M/20 solu- 
tions of these polyphenols by acetone-prepared 
enzyme. It was not necessary to prepare experi- 


separate sample of enzyme, as the sample used in 
the case of all other reactions became exhausted, a 
circumstance which cannot, however,-affect the con- 
clusions. These results are summarized in Table 1. 


Table 1. Oxygen uptake during various 
polyphenol oxidations 


Polyphenol oxidation, 
pl. O,/hr./mg. enzyme 


eee aaa. 
Tea Quinol 
Product added Catechol tannin ———*———, 
Nil 5-5 4-6 1-2 0-4* 
Catechol oxidation 7-4 5-6 5:3 _— 
products 
p-Quinone 6-8 4-4 0-6 _— 
Tea tannin oxidation 2-6 43 — 1-2* 
products 


* A different sample of enzyme. 
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Catechol oxidation products accelerate oxidations 
of catechol and tea tannin almost to the same 
extent, while quinol oxidation is increased four to 
five times. p-Quinone accelerates catechol oxida- 
tion and does not much affect tea-tannin oxidation; 
but it markedly inhibits quinol oxidation. Tea- 
tannin oxidation products increase the rate of 
quinol oxidation nearly three times but inhibit 
catechol oxidation to less than half its original 
activity. Oxidation of tea tannin also suffers a 
slight inhibition. These results point to the general 
conclusion that the oxidation of polyphenols is 
markedly affected by the presence, at the beginning 
of the reaction, of certain polyphenol oxidation 
products. There appears to be, however, no corre- 
spondence between the polyphenol reaction affected 
and the polyphenol-oxidation products which in- 
fluence the reaction. In particular, the reversal of 
the rates of oxidation of catechol and tea tannin in 
presence of oxidation products of the latter appears 
to be due to a marked depression of catechol oxida- 
tion, but not to an acceleration of the tea-tannin 
oxidation. 

Corroboration of this point is noticeable in the 
results of fresh leaf-mince reactions and those with 
washed tissues. The oxygen uptakes during tea- 
tannin oxidation of 200 mg. leaf mince in 1 hr. 
(Fig. 3) are 135 and 150 yl. for unwashed and washed 
tissues respectively, while the corresponding figures 
for catechol oxidation are 98 and 163,yl. for the 
same unwashed and washed tissues. The marked 
inhibition of catechol oxidation by tea-tannin oxi- 
dation products is thus indicated. 

When tea tannin is oxidized either in the fer- 
menting leaf or in vitro by the prepared enzyme, 
the product consists of the oxidized tannins in a 
large range of condensations. In the present state 
of our knowledge about the chemistry of tea it is 
not possible to distinguish between the simple tea 
tannin-o-quinone and its various condensation pro- 
ducts, or to ascertain their relative amounts in a 
solution of oxidized tea tannin. For this reason, 
the effect of tea-tannin oxidation products on sub- 
sequent polyphenol oxidations cannot be attributed 
singly either to the one or the other of these 
constituents. The following experiment, however, 
affords some evidence on this point. Condensation 
in a solution of oxidized tannin can be increased by 
rendering the solution alkaline, and it was desired 
to find out whether such an increase in the conden- 
sation products would materially affect the results. 
Five ml. of an oxidized tea tannin golution (M/20) 
were made alkaline to pH 9-5-10-0, boiled and 
cooled, and the pH readjusted to 5-0. This solution 
and 5 ml. of original solution were both made up 
to 10ml., and 2ml. of each were added to the 
oxidation-reaction systems of catechol and tea 
tannin. 


POLYPHENOL OXIDATION BY TEA ENZYMES 


659 


It can be concluded from the results (Fig. 5) that 
increasing the condensation products has no signi- 
ficant effect on the rate of tannin oxidation, while 
it slightly enhances thé inhibition of catechol oxida- 
tion. Therefore, the inhibition effect observed in 
catechol oxidation by addition of tannin-oxidation 
products is probably to be associated more with the 
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Fig. 5. Oxidations of catechol and tea tannin in presence 
of tea-tannin oxidation products. I, tea-tannin oxidation, 
lower condensed products; II, ditto, higher condensed 
products; III, catechol oxidation, lower condensed pro- 
ducts; IV, ditto, higher condensed products. 


0 20 


higher condensation products of tannin-o-quinone 
than with the simpler tannin-o-quinone itself. The 
difference between the rates of catechol oxidation 
with the two concentrations of condensed products 
is, however, small, but it may probably be due to 
the fact that the original solution of oxidized tea 
tannin which was standing for 24 hr. already con- 
tained an effective amount of condensed tannin- 
oxidation products, which might have been in- 
creased only slightly on the solution being rendered 
alkaline. 

Reaction in a mixture of substrates. When a single 
enzyme oxidizes two substrates, the rate of oxida- 
tion of their mixture generally falls between the 
two individual values owing to the competition of 
substrates for the enzyme. An investigation of the 
action of the acetone-prepared enzyme on a mixed 
substrate of catechol and tea tannin showed (Fig. 6) 
that the initial rate of oxidation of the mixture was 
intermediate between the rates of individual oxida- 
tions of catechol and tea tannin. This is in ac- 
cordance with the above general rule and indicates 
that a single enzyme is concerned in the reaction. 
Towards the end of the reaction, however, the 
accumulation of the oxidation products begins to 
exert its influence and tends to depress the rate of 
reaction. ’ 
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Addition of catechol to the fermenting leaf leads 
to conditions in which the same tea enzyme is 
acting simultaneously both on catechol and tea 
tannin. The rate of oxidation would then be inter- 
mediate between the oxidation rates of the two 
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Fig. 6. Oxidation of catechol, tea tannin and their mixture 
by acetone-prepared enzyme. 


individual substrates. Harrison & Roberts [1939], 
however, found in a similar experiment that the 
rate of oxidation of the mixture was higher than 
that of the individual substrates. In arriving at 
this conclusion they made use of their previous 
result that catechol is oxidized at about one-third 
the rate of tea tannin, a result which was obtained 
without taking into consideration the presence and, 
therefore, the influence, of tannin-oxidation pro- 
ducts. But, in view of the facts shown in the pre- 
ceding section, the validity of this conclusion is 
open to doubt. When the individual rates of oxida- 
tion of catechol and tea tannin are investigated 
under conditions free from any extraneous inter- 
ference, it is possible that the rate of oxidation of 
the mixture of substrates by the fermenting leaf 
system is actually intermediate between the two 
individual values. 


DISCUSSION 
Roberts [1941] has suggested that the difference in 
the rates of oxidation of catechol and tea tannin 
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observed at Tocklai and St Coombs is due to the 
presence of two different enzymes in the materials 
derived from the two different sources. In the 
literature there is, no doubt, some evidence for the 
presence of more than one oxidase system in the 
same plant tissue [Boswell & Whiting, 1938; Marsh 
& Goddard, 1939]. But in this instance such a 
suggestion seems unnecessary, since this particular 
disagreement between St Coombs and Tocklai is 
due more to a difference in technique than to the 
nature of the materials. The reaction in the minced 
leaf as employed by Roberts is complicated by 
the accumulated tannin-oxidation products, which 
exert some influence on the course of the subse- 
quent reactions. 


SUMMARY 


1. The relative rates of oxidation of catechol, 
tea tannin, pyrogallol, quinol and ascorbic acid by 
the tea enzyme prepared with acetone have been 
studied by manometric methods. 

2. The discrepancy in the comparative rates of 
oxidation of catechol and tea tannin between our 
results and those of Assam workers has been shown 
to be due to an inhibitory effect, under the condi- 
tions of Assam experiments, of the condensation 
products of oxidized tea tannin on the oxidation of 
catechol. In view of this, the supposition of two 
different enzymes in Assam and Ceylon seems 
unnecessary. 

3. It is shown that the presence of oxidized 
products of polyphenols at the commencement of 
a subsequent polyphenol oxidation reaction affects, 
in general, the course of such reaction. 

4. The action of the enzyme prepared with 
acetone in a mixture of catechol and tea-tannin 
substrates has yielded results consistent with the 
view that both these substrates are oxidized by a 
common enzyme, namely, the tea polyphenol 
oxidase. 


The author wishes to thank Dr R. V. Norris, Director, 
Tea Research Institute of Ceylon, for permission to publish 
these results, Mr J. Lamb, Biochemist, for his kind interest 
and advice in this investigation, and DrT. Eden, Agricultural 
Chemist, for criticizing the manuscript. 
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Studies on the ‘Fermentation’ of Ceylon Tea 
6. THE NATURE OF THE TEA-OXIDASE SYSTEM 


By H. B. SREERANGACHAR, Tea Research Institute of Ceylon, Talawakelle 


(Received 8 July 1943) 


Recent investigations on tea fermentation, both in 
Ceylon and Assam, have led to distinct differences 
of opinion regarding the nature of the oxidase 
system that is responsible for fermentation. After 
modifying his earlier views on this question at least 
twice, Roberts [1939; 1940] has now identified the 
tea-oxidizing enzyme with cytochrome oxidase. In 
previous studies from these laboratories [Lamb & 
Sreerangachar, 1940], not only have objections to 
the cytochrome theory of tea fermentation been 
presented, but also definite evidence for the view 
that tea oxidase is a polyphenol oxidase with an 
established specificity for o-dihydric phenols. 

Despite this, the considerable body of indirect 
evidence that Roberts adduced in favour of his 
theory made it appear for the moment a reasonable 
assumption, but further work has shown that alter- 
native explanations could be found for most of his 
material observations. Perhaps the most serious 
objection to the cytochrome theory of tea fermen- 
tation is that so far there is no direct evidence for 
the presence in tea leaf of cytochrome and cyto- 
chrome oxidase, which seems quite essential for the 
acceptance of the theory. The present investigation 
was, therefore, undertaken with a view to obtaining 
some definite information which would serve either 
to establish or confute the presence of these com- 
ponents in tea. 

Spectroscopically, cytochrome is easily detected 
in its reduced state by its characteristic absorption 
spectrum. Since chlorophyll may interfere in the 
observations on the leaf it may be extracted by 
solvents such as acetone. Any possible inactivation 
of the oxidase in the process does not affect either 
the content or the character of cytochrome. Fol- 
lowing this procedure, Yakushiji [1935] has re- 
ported seeing the «-bands of cytochrome 6 and ¢ in 
acetone-extracted spinach leaves. Choosing the 
basal portion of the stem, probably with a view to 
obviating the chlorophyll interference, Roberts 
[1941], with Miss K. Bhagvat, claims to have de- 
monstrated the presence of cytochrome in the tea 
plant. They appear to have observed an absorption 
band corresponding to the ‘b’ band of cytochrome 
in the green region of the spectrum. It is not clear 
whether it is the component b or the spectral band B 
that they have observed, and it is noteworthy that 
other bands of either cytochrome 6 or ¢ (it cannot 
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be component a as its 8 band is unknown) are not 
observed. 

Spectroscopy can also be used in detecting the 
presence of cytochrome oxidase. On oxidation by 
the enzyme the sharp absorption bands of reduced 
cytochrome give place to the diffuse bands of 
oxidized cytochrome which are hardly perceptible 
in the micro-spectrophotometer. Disappearance of 
reduced cytochrome bands would therefore indi- 
cate the action of the cytochrome oxidase. 

Before proceeding to describe the experimental 
evidence in the present investigation, a brief re- 
ference may be made to those points of dissension 
between workers here and in Assam not previously 
discussed by us. 


Methods of investigation. In earlier work we have relied 
mostly on the titrimetric methods in the estimation of the 
tea-oxidase activity, and we have recognized the limitations 
of the method. Roberts [1941] has criticized this method 
on the ground that the iodine titre is affected by condensa- 
tion of o-quinones produced, but has admitted that these 
errors are likely to be very small. 

However, an alternative method of estimating enzyme 
activity, using ascorbic acid as substrate as described in 
Part 4 of this series, has yielded identical results as regards 
the optimum pH and temperature of the enzyme reaction. 
Therefore condensation errors in the iodine titration method 
could only be very small, and in a comparative experiment 
the conclusions are practically unaffected by these errors. 
It is interesting to note in this connexion that Roberts 
[1941] has himself obtained results of optimum pH (5-4) 
and temperature (29°) which are very close to those found 
by us. Such correspondence detracts very considerably 
from the relevance of his criticisms of the accuracy of our 
method. From the point of view of our present contention 
about the specific nature of the oxidase, the quantitative 
accuracy of the method is relatively less important. It is 
sufficient that the direct oxidase activity of the enzyme on 
polyphenols has been demonstrated beyond doubt. 

The study of simpler component reactions affords an easy 
approach to the understanding of the most complicated 
biological processes in vivo. Preparation of purified enzyme 
and a study of its reaction in vitro on pure chemical sub- 
stances is therefore a fruitful line of investigation [e.g. 
Hussein & Cruess, 1940], and we have always followed this 
course in our study of the mechanism of tea fermentation 
and the substrate specificity of the enzyme. 

Substrate specificity. The importance of this property of 
the enzyme cannot be over-emphasized. Roberts’s sum- 
ming up [1941] of evidence on this point unfortunatel 
lacks clarity. We admit that substrates like p-phenylene- 


662 


diamine and ascorbic acid, when added to fermented tea-leaf 
suspensions, are doubtless oxidized. But is it due to the 
existence of a cytochrome system? Is it not possible that 
the very reactive o-quinone reacts with these added sub- 
strates while it is itself being reduced to polyphenol? The 
enzymic nature of stimulation of O, uptake would thus be 
maintained and tea polyphenol would act as a carrier in 
the reaction. Thus the oxidations of ascorbic acid and 
p-phenylene-diamine would be only secondary reactions, 
and the fact that polyphenol-free enzyme preparations fail 
to oxidize directly these substances as well as quinol lends 
further support to this view. 

Our enzyme preparations display a clear-cut specificity 
for o-dihydric phenols, and such a marked specificity is 
incompatible with the presence of cytochrome + cytochrome 
oxidase. However crude our enzyme preparation may be, it 
must be regarded as relatively pure when compared with 
tea-leaf mince and, unlike the latter, its reaction on sub- 
strates is free from the interference of tea polyphenols. To 
that extent, our results on substrate specificity of the 
oxidase system are more reliable than those of Assam 
workers. : 

Effect of organic solvents. Acetone inhibition seems to be 
characteristic of cytochrome oxidase, and so Roberts has 
inferred that our acetone-prepared enzyme would have 
undergone a substantial loss in activity. Nevertheless, we 
have obtained strong activity of this acetone-prepared 
enzyme on catechol and other o-dihydric phenols. The 
assumption that tea leaf originally contained cytochrome 
oxidase and that it was considerably inactivated during 
acetone treatment would be consistent with the failure of 
the enzyme to oxidize quinol and p-phenylene-diamine. 
But how are we to explain the strong activity on catechol 
unless, of course, it is granted that the leaf originally con- 
tained -polyphenol oxidase also? 

It is likely that besides cytochrome oxidase other plant 
oxidases are also inhibited to a different degree by acetone. 
For instance, Srinivasan [1936] has shown that ascorbic 
acid oxidase is inhibited by acetone. Although we have 
found the greater part of the original enzyme activity in 
our preparations, it is possible that they may not have 
retained the same polyphenol-oxidizing activity as in fresh 
leaf. 

Oxygen tension. Further inuirect evidence for the cyto- 
chrome theory consists in Roberts’s observation that the 
initial rate of O, uptake by fermenting tea leaf is markedly 
accelerated by an increase in the O, tension. But it is 
doubtful whether this is an established property of cyto- 
chrome oxidase. Green [1940] states that ‘the rate of 
oxidation of the ferrocytochrome by molecular oxygen in 
presence of the enzyme is practically independent of the 
partial pressure of O,”. In fact, since the respiration of yeast 
and other micro-organisms is found to be independent of 
O, tension, this is taken as evidence for the functioning of 
cytochrome oxidase in aerobic systems. 

Evidence for the cytochrome theory has also been inade- 
quate on other points. For instance, the failure to depress 
the rate of O, uptake when catechol is added to fermenting 
tea leaf cannot be considered as proof for the carrier nature 
of the tea oxidase, as is shown in Part 5 of this series. The 
existence of both soluble and insoluble enzymes in tea 
makes any evidence based on solubility inconclusive. 
If the enzyme is considered too insoluble to be poly- 
phenol oxidase, it is also too soluble to be cytochrome 
oxidase. 
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Spectroscopic investigations 


Presence of cytochrome in tea. Employing a micro- 
spectrophotometer we made observations on the 
finely ground tissues in presence of both sodium 
succinate and Na,S,0,. Contrary to Roberts’s re- 
sults, examination of the basal portion of the stem 
in tea plant did not give any positive indications 
for the presence of cytochrome. Similarly, other 
tissues of the plant, when separately collected and 
tested, failed to display any characteristic absorp- 
tion bands which could be identified with those of 
cytochrome. 

No cytochrome could be detected in the acetone- 
extracted tea leaf from which the possible inter- 
fering substances like chlorophyll and tannin were 
removed by solvent extraction. Attempts to pre- 
pare cytochrome c from leaf by the method of 
Keilin & Hartree [1937] yielded negative results. 
Both Ceylon and Indian tea leaves were used in this 
investigation. 

From certain considerations it seemed reasonable 
to expect the presence of cytochrome c in our 
enzyme preparations. First, Yakushiji’s [1935] 
findings made the presence of cytochrome probable 
in the acetone-extracted tea leaf, from which our 
oxidase preparations were obtained. Secondly, the 
ammonium sulphate saturation employed in the 
preparation of cytochrome c from ox heart [Theorell, 
1936] was also the method used for the purification 
of the soluble enzyme, as will be described later. 
Furthermore, since Roberts attributed the oxidizing 
activity of the enzyme preparations to the cyto- 
chrome system, it was reasonable to expect the 
presence of cytochrome c in highly active enzyme 
concentrates. But it was found that none of these 
preparations, when spectroscopically examined, dis- 
played any specific absorption bands. Figs. 1 and 2 
give the absorption spectra of a highly active tea 
oxidase solution. The results in the visible region 
of light (Fig. 2) were obtained in a Gaertner’s 
polarizing spectrophotometer, while for a study of 
absorption in the ultra-violet region (Fig. 1) @ 
Hilger’s instrument was employed. 10mm. cells 
were used in both cases. 

It will be seen that there is no selective absorp- 
tion either in the visible region or in the ultra-violet 
region studied, and therefore the preparation does 
not contain cytochrome. The component cyto- 
chrome a3, which Keilin & Hartree [1939] identify 
with cytochrome oxidase, has a characteristic ab- 
sorption (430 and 590my), and most of the other 
haematins have a strong absorption in the extreme 
violet between 400 and 420mp [Dixon, “Hill & 
Keilin, 1931]. But the spectrum of the tea-oxidase 
solution cannot be related to any of these. 
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Detection of cytochrome oxidase. The detection of 
cytochrome oxidase was based on its in vitro reac- 
tion on cytochrome c, which could be followed in 
the spectrophotometer. In view of the possible 
complications that would be introduced, the fresh- 
leaf mince or the finely ground tissue could not be 
used for this investigation. On the other hand, the 
acetone-prepared enzyme was considered a suitable 
material; for, if the observed activity of the pre- 
paration was attributed to the cytochrome system, 
it should be possible to demonstrate cytochrome 
oxidase in it. 


360 400 


280 320 440 


my. 


Fig. 1. Ultra-violet absorption spectrum 
of tea oxidase. 


Preparation of tea oxidase. In order to minimize 
the inactivating effect of the solvent on the enzyme, 
the acetone extraction of the oxidase was carried 
out at about — 20° in a bath of ice and salt under 
the following conditions, which are a refinement of 
those previously used by us. The leaf material was 
derived from young tea plants in the garden of the 
Indian Institute of Science, Bangalore. About 10 g. 
of fresh leaf were finely ground up, soon after 
plucking, with 30 g. of ice crystals and some iron- 
free sand and then introduced into a beaker which 
was kept immersed in a bath of ice and salt at 
—20°. Acetone (300 ml.), previously cooled to 
the same low temperature, was then added with 
vigorous stirring. The acetone extract was sucked 
off by means of an inverted thistle funnel, packed 
at the mouth with glass-wool, and immersed in the 
beaker. Renewal of cold acetone and repetition of 
the extraction three or four times rendered the pre- 
paration almost completely free of pelyphenol, as 
tested by FeCl, and also by self-digestion of the pre- 
paration in the Warburg manometer. The material 
was quickly dried in vacuo and then extracted 
with 100 ml. phosphate buffer at pH 7-0, under cold 
conditions. After filtration the extract, which was 
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highly active towards catechol, was brought to 
pH 5-0 with acetic acid and mixed with sufficient 
ammonium sulphate to saturate to the extent of 
1/3. From the time of plucking up to this stage, 
when the enzyme may be expected to be more 
stable, the time taken was only 4-5 hr., and since 
the operations were, as far as possible, done in the 
cold, the inactivation of the enzyme must have been 
minimal during the preparation. The fluid was left 
overnight in the ice-box. 

The slight precipitate that appeared was then 
filtered off, and to the filtrate more ammonium 
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Fig. 2. Visible region absorption 
spectrum of tea oxidase. 


sulphate was added to bring it to half-saturation. 
There was a further precipitate which was also 
filtered off, and the filtrate was then saturated with 
ammonium sulphate, when again there was a pre- 
cipitate. The three precipitates obtained were dis- 
persed in water and dialyzed in the cold against 
running distilled water. The dialyzed suspensions, 
obtained by one-third or one-half saturation, con- . 
tained for the most part inert matter with com- 
paratively little enzyme, and they were therefore 
discarded. The precipitate at full saturation gave, 
on dialysis, a pale yellow solution constituting a very 
active preparation of oxidase. This could be pre- 
served in the refrigerator for a considerable period 
without appreciable loss of activity. 

The residue, after extraction of soluble enzyme 
from the acetone-prepared leaf powder, was further 
ground into a fine suspension and also preserved in 
the ice-chest. 

Experiments with reduced cytochrome c and cyto- 
chrome oxidase from heart muscle. Cytochrome ¢ was 
prepared by the method of Keilin & Hartree [1937], 
and it was found that goat’s heart proved a better 
source than ox heart. The dialyzed cytochrome 
solution was preserved in the ice-chest. Reductién 
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of cytochrome was carried out by passing H, in 
presence of either freshly prepared palladinized 
charcoal [Hartung, 1928] or of platinized asbestos 
(E. de Haen’s preparation). An active preparation 
of cytochrome oxidase was also obtained from fresh 
goat heart muscle by the method of Keilin & 
Hartree [1938]. 

The heart-muscle oxidase readily catalyzed the 
oxidation of reduced cytochrome, with consequent 
disappearance of the latter’s characteristic absorp- 
tion bands in the microspectrophotometer. But the 
tea-oxidase solution prepared as above, when added 
to the reduced cytochrome substrate, did not have 
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cytochrome c + heart-muscle enzyme. 


Fig. 4. 
soluble enzyme. 
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It will be seen from Figs. 4 and 5 that the absorp- 


tion characteristics of reduced cytochrome remained _ 


unaffected in presence of tea-oxidase preparations, 
while heart oxidase (Fig. 3) brought about a com- 
plete change. In the case of heart enzyme and 
tea-insoluble enzyme the reaction mixtures had to 
be filtered before taking measurements in the 
spectrophotometer, and the slight shift in the curve 
in the latter instance is perhaps due to the absorp- 
tion of cytochrome c on the solids of the tea-residue 
suspension. 

The degree of oxidation of reduced cytochrome c 
is related to the fall in the intensity of its absorption 
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Fig. 5. 


ig. 3. Oxidation of cytochrome by heart oxidase. I, absorption spectrum of reduced cytochrome; II, reduced 


Action of tea-soluble enzyme on reduced cytochrome. I, reduced cytochrome; II, reduced cytochrome + tea- 


Fig. 5. Action of tea-insoluble enzyme on reduced cytochrome. I, reduced cytochrome; II, reduced cytochrome + tea- 


insoluble enzyme. 


any effect whatever on the absorption bands, which 
remained practically steady for about 24 hr. It 
must, therefore, be concluded that the specific cyto- 
chrome oxidase was absent from the tea-oxidase 
preparation. The activity towards catechol, on the 
other hand, was very marked, as determined by its 
rapid oxygen uptake (—Q ,= 170). 

A suspension of the insoluble enzyme also gave 
similar spectroscopic results, which points to the 
same conclusion as in the case of the soluble enzyme. 

The course of reaction of these enzyme prepara- 
tions on reduced cytochrome, as compared with 
that of the heart oxidase, was further followed in 
the polarizing spectrophotometer. 0-5 ml. enzyme 
was allowed to react with 2-5 ml. reduced cyto- 
chrome solution (3x 10-4M) for 2 hr. at room 
temperature, and spectroscopic determinations were 
carried out in 10 mm. cells. 


bands. The kinetics of the oxidation can therefore 
be followed by measuring in the above reactions 
the extinction coefficients at 550mp, the maximum 
of reduced cytochrome c. Fig. 6 represents these 
data, and-it will be seen that whereas the relative 
concentrations of reduced and oxidized cytochrome 
remain unaltered in the case of tea oxidase, the 
heart oxidase action results in a rapid fall in the 
reduced cytochrome concentration. 

These results show that, judged on its specificity 
of reaction, tea oxidase cannot be identified with 
cytochrome oxidase. 

Roberts [1941] has reported observing the re- 
duced cytochrome bands when cytochrome ¢ and 
succinate were added to the finely ground tea tissue 
and that these bands disappeared on vigorous 
shaking. In this reaction there was no need for any 
extraneous addition of cytochrome e¢, since he had 
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already observed cytochrome in the tissue by its 
‘b’? band. Further, he has remarked elsewhere in 
his paper [Roberts, 1941] that when cytochrome ¢ 
of ox heart is added to tea-tissue suspension it 
would combine with tea tannin and would thus be 
‘inactivated’, thereby meaning perhaps an irrever- 
sible chemical change in cytochrome. If that is so, 
the disappearance of the reduced cytochrome bands 
may not be due to the presence of cytochrome 
oxidase. In our experiments we have found that 
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Fig. 6. Oxidation of cytochrome. I, tea oxidase; 
II, heart oxidase. 


when reduced cytochrome is added to tea-tissue 
suspensions there is a rapid colour change from 
original red to a dirty yellow. The spectrum of the 
filtered liquid does not correspond to that of 
oxidized cytochrome and it cannot be reduced again 
either by Pd and H, or by Na,S,0,. The change 
suffered by reduced cytochrome is not, therefore, 
a simple reversible oxidation, and under the circum- 
stances the presence of cytochrome oxidase in the 
tissue becomes doubtful. 


Manometric investigations 


The oxygen uptake measurements were made in 
Warburg manometers with all necessary controls. 
All reactions were carried out at pH 7-0, total 
volume 2-5 ml., and temperature 30°. The first point 
established was the marked activity of the enzyme 
solution on catechol and its inactivity on reduced 
cytochrome c as substrate (Table 1). 

Reduced cytochrome had not been reacted upon, 
as was shown by its absorption bands when tested 
at the end of the reaction. 

In the in vitro reconstruction of the well-known 
respiratory system of cytochrome c, cytochrome 
oxidase, succinate and its dehydrogenase, it was 
desired to find out if the enzymes in the system 
could be replaced by tea-oxidase preparation. Re- 
sults of oxygen uptake by the substrate, reduced 
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Table 1. Oxygen uptake of tea oxidase with 
catechol and cytochrome 


Oxygen uptake when 0-5 ml. of diluted enzyme (original 
solution x4) was allowed to react on 1 ml. of catechol 
solution (M/20) and 1 ml. of reduced cytochrome solution, 
respectively, in presence of 1-0 ml. of phosphate buffer at 
pH 7-0. 


Time period 5 10 20 30 45 75 90 120 150 
(min.) 
Catechol sub- 


strate (ul. O,) 


Reduced cyto- 3 1 4 1 0 0 0 0 4 
chrome _sub- 
strate (ul. O.) 


12 22 35 


or 


54 91 112 145 184 


cytochrome + succinate, in presence of tea-soluble 
and insoluble enzymes on the one hand and the 
heart enzyme on the other are given in Table 2. 


Table 2. Oxygen uptake of different enzyme 
systems on cytochrome c+ succinate 


In the case of the heart enzyme the cytochrome concen- 
tration was 1-2x10-'M; in the case of tea enzymes 
6-0 x 10-5 M. 0-5 ml. enzyme and 0-5 ml. 1% succinate 
were used in all cases. 


Time period (min.) 5 20 60 90 120 150 
Tea-soluble enzyme (ul.O.) O 3 3 38 6 — 
Tea-insoluble enzyme (ul.O,) 0 4 8 6 3 — 
Heart enzyme (ul. O.) 4 — 46 59 90 110 


Failure of tea enzyme to stimulate oxygen uptake 
in the above reactions may be due to the absence 
of either cytochrome oxidase or succinic dehydro- 
genase or both in the tea-oxidase preparations. If 
this mixture of reduced cytochrome c+succinate 
+tea oxidase is supplemented by a further factor, 
namely, succinic dehydrogenase free from cyto- 
chrome oxidase, oxygen uptake will then procced, 
provided that tea oxidase contains cytochrome 
oxidase. But succinic dehydrogenase and cyto- 
chrome oxidase are invariably concomitant in 
animal tissues, and attempts to separate them by 
ultracentrifugation, heat inactivation and so on 
were not successful. However, if tea oxidase con- 
tains cytochrome oxidase, its addition to a succinic 
dehydrogenase preparation with only a weak cyto- 
chrome oxidase activity should result in an accele- 
ration of the rate of oxygen uptake of the substrate 
mixture because of an increase in the cytochrome 
oxidase concentration. A succinic dehydrogenase 
preparation obtained from goat heart muscle by the 
method of Ogston & Green [1935] was found to 
have only a poor cytochrome oxidase activity, but 
strong succinic dehydrogenase activity, as tested 
by the usual methylene-blue technique. Addition 
of this preparation to the system ‘reduced-cyto- 
chrome + succinate + tea oxidase’ did not increase 
the rate of O, uptake in the reaction to any appfe- 
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ciable extent. 


Table 3. 
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For the sake of clarity the compara- 
tive oxygen uptake values are summarized in 
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the two places. For instance, in our previous 
studies we have shown that catechol is oxidized by 
our enzyme preparations at a higher rate than tea 


Table 3. Oxygen uptake by various reaction systems 


Oxygen uptake 


Reaction pl./hr. 
Catechol + tea oxidase ; ; 198 
Reduced cytochrome c + tea oxidase | : ae —_ 
“ +succinate + tea oxidase si i 3 
» + 99 +succinic dehydrogenase preparation — ue 9 
i - mo ae oe +tea oxidase ll 


The absence of stimulation of oxygen uptake by 
the tea enzyme in all reactions in which cytochrome 
c formed the substrate must be interpreted as due 
to lack of cytochrome oxidase. The results obtained 
demonstrate unequivocally that tea oxidase cannot 
be identified with cytochrome oxidase. But, on the 
other hand, since catechol is readily oxidized by the 
enzyme, there can be little doubt about its poly- 
phenol oxidase nature. 


DISCUSSION 


A similarity in a few properties led Roberts to 
propose his cytochrome theory of tea fermentation. 
Since then, these similarities have been shown to be 
spurious, and according to his own findings there 
are serious and ‘very marked differences’ between 
tea oxidase and animal-cytochrome oxidase. But 
these differences he attributes to a dissimilarity 
that may exist between plant-cytochrome oxidase 
and animal-cytochrome oxidase. Unfortunately, 
very little is known to date about plant-cytochrome 
systems, and until they are fully investigated it 
may be premature to base any conclusions on 
them. 

In explaining the failure of ox-cytochrome c to 
accelerate tea-tannin oxidation, Roberts has gone 
even further. He has assumed tea-leaf cytochrome 
to be different from the ox-heart cytochrome in that 
the latter is inactivated by combination with tea 
tannin while the former is endowed with some type 
of immunity from tannin. If this be true it seems 
to be something specific to tea and perhaps to other 
tanniferous plants; for Brown & Goddard [1941] 
have observed that ox-cytochrome c does stimulate 
the oxidation of p-phenylene-diamine by the cyto- 
chrome oxidase present in wheat embryos. How- 
ever, Roberts’s postulate, of the presence in tea of 
a cytochrome immune to tea tannin, is reminiscent 
of his previous postulate of an immune peroxidase 
and protective substances, which has not as yet 
been confirmed. 

Certain differences pointed out in the oxidase 
systems concerned in tea fermentation in Ceylon 
and Assam appear, on closer examination, to bea 
consequence of the use of different techniques in 


tannin, and this has been confirmed. The results of 
Assam workers with their material appear to be 
exactly the reverse. The difference is only apparent, 
not real, because the conditions were not the same 
in both cases; the Assam experiments were carried 
out with minced leaf in which tea-tannin oxidation 
products had accumulated, but these were elimi- 
nated in our reaction mixtures. The tannin-oxida- 
tion products do interfere with the rate of subse- 
quent oxidations by the enzyme, as is fully discussed 
in Part 5 of this series. Such an interference is in 
fact found to be responsible for the reversal in the 
rates of oxidation of catechol and tea tannin as 
observed by Assam workers. The suggestion of a 
difference in the nature of Assam and Ceylon 
enzymes receives, therefore, no support from the 
above consideration. A point of some interest in 
this connexion is that the present investigation 
also included the enzyme derived from tea plants 
raised on Indian seeds and grown under Indian 
conditions. 

The spectroscopic and manometric evidence ob- 
tained in the investigation goes to show conclusively 
that tea oxidase cannot be identified with cyto- 
chrome oxidase, which forms the keystone of the 
entire structure of the cytochrome theory of tea 
fermentation. Absence of cytochrome further justi- 
fies the rejection of the theory. On the other hand, 
our original finding that the tea-fermentation 
enzyme was a polyphenol oxidase needs no modifi- 
cation whatever. The mechanism of tea fermenta- 
tion based on this finding, whilst not so complex as 
the cytochrome theory, is consistent with the main 
facts so far observed. 


SUMMARY 


1. Attempts to demonstrate directly by spectro- 
scopic methods the presence of cytochrome in tea 
have been unsuccessful. 

2. Spectroscopic investigation of highly active 
tea-oxidase preparations showed that the enzyme 
could not be identified with cytochrome oxidase. 
Manometric results have confirmed this conclusion. 

3. Some of Roberts’s previous results have been 
reviewed in the light of the later work and certain 
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differences have been satisfactorily accounted for. 
From the evidence presented, Roberts’s cytochrome 
theory of tea fermentation cannot be considered 
valid. 

This investigation was carried out at the Indian Institute 
of Science, Bangalore, where spectroscope facilities were 
available. The author is indebted to Sir J. C. Ghosh, 


TEA-OXIDASE SYSTEM 


667 


Director, Indian Institute of Science, Bangalore, for labo- 
ratory accommodation and to Mr M. Srinivasaya, Head of 
the Fermentation Technology Section at the Institute, for 
much helpful advice and discussion. Thanks are also due to 
Dr R. V. Norris, Director, Tea Research Institute of 
Ceylon, for permission to publish these results and to 
Mr J. Lamb, Biochemist, for his kind interest in the 
investigation. 
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Studies on the ‘Fermentation’ of Ceylon Tea 
7. THE PROSTHETIC GROUP OF TEA OXIDASE 


By H. B. SREERANGACHAR, Tea Research Institute of Ceylon, Talawakelle 


(Received 8 July 1943) 


Earlier investigations in this laboratory on the 
specific nature of the oxidizing enzymes in tea 
[Lamb & Sreerangachar, 1940; Sreerangachar, 1943] 
have shown that the enzyme belongs to the family 
of polyphenol oxidases of which the potato oxidase 
and the mushroom oxidase are well-known mem- 
bers. The work of Kubowitz [1937; 1938] and of 
Keilin & Mann [1938] respectively on these enzymes 
has established that these polyphenol oxidases are 
Cu-protein compounds, and undergo a cycle of 
transformation from cupric to cupro form and vice 
versa, in the course of their catalytic activity. Cu 
is also found in the prosthetic groups of other 
oxidative enzymes such as laccase, ascorbic acid 
oxidase and tyrosinase, but the specifie protein 
carrier in each of these enzymes is considered to be 
different. The Cu-proteins, unlike the Fe-porphyrin 
protein enzymes, show no specific absorption bands 
in the visible region of the spectrum, the absorption, 
if any, being only diffuse. A spectroscopic exami- 
nation of tea oxidase has failed to reveal any 
characteristic absorption bands [Sreerangachar, 
1943], and the enzyme is, therefore, analogous in 
this behaviour to Cu-proteins. 

Consequent on the finding that tea oxidase was 
a polyphenol oxidase with respect to its substrate 
specificity, further investigations of the material 


and chemical nature of this enzyme became de- 
sirable, and it was thought that a study of the 
prosthetic group was:a fruitful line to follow in the 
first instance. In particular, it was intended to see 
whether, like the other known examples of poly- 
phenol oxidases, tea-polyphenol oxidase was also a 
Cu-protein compound. 

Cu is easily detected in tea-oxidase preparations, 
but it was found that the crude preparations also 
contained Mn and Fe. As these two metals are also 
frequently associated with certain oxidizing enzymes, 
the possibility of their forming the active group of 
tea oxidase had to be considered in the early stages. 
According to Bertrand & Mallévre [1895], there 
exists a close connexion between Mn and laccase, 
and Shaw & Jones [1935] have emphasized the 
importance of Mn in the study of the oxidative 
enzyme in tea. That the fresh tea leaf contains 
appreciable amounts of Mn can be seen by the fact 
that the ash is generally green because of the pre- 
sence of manganous salts, which readily change 
over to the characteristic permanganate colour 
when wetted with oxidizing solutions. But in spite 
of this, the acetone-prepared enzyme contains only 
a fraction of the original amount (200-400 yg./g.). 
Further, Mn is almost completely absent even in 
partially purified preparations of enzyme and therg- 
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fore it clearly cannot be associated with the active 
group of the enzyme. 

The importance of Fe lies in the fact that, should 
it be possible to establish its constant association 
with tea oxidase, the latter would have to be 
classified along with Fe-containing enzymes or 
haemochromogens. This would not, however, be 
quite consistent with the chemical constitution of 
a polyphenol oxidase as understood at present. 
Tea-enzyme preparations do contain Fe, which not 
only persists in most of the purification stages, but 
also increases in proportion as purification proceeds. 
In this case, therefore, a more detailed examination 
was necessary, in order to ascertain if Fe was an 
essential component of the enzyme. It will be 
shown later that adsorption on tricalcium phos- 
phate gel, and subsequent elution, completely 
eliminates all Fe from the enzyme, the activity of 
which is thereby enhanced. Fe is thus a non- 
essential constituent so far as enzyme activity is 
concerned. 

Cu, on the other hand, is consistently present in 
all the purified enzyme preparations, which become 
richer in this element with each step in purification. 
A study, therefore, of the relation between the Cu 
content and the activity of purified tea-oxidase 
preparations would throw some light on the active 
group of the enzyme. The experiments described in 
the present communication provide evidence for 
the postulate that tea oxidase is a Cu-protein 
cornplex. 


[=X PERIMENTAL 


As far as possible, particular care was taken to 
avoid any metallic contamination during prepara- 
tion of enzyme and in the subsequent experiments. 
The use of sand in grinding leaf under acetone, as 
practised previously, was dispensed with in the 
present investigation. Cu-free distilled water was 
prepared by distilling ordinary distilled water suc- 
cessively with KMnO, and metaphosphoric acid in 
an ail-glass apparatus. In the estimation of Cu and 
Fe, necessary corrections were applied for the small 
respective metallic contents of reagents. 


Estimation of Fe and Cu 


Fe was estimated by the «-«’-dipyridyl method of Shor- 
land & Wall [1936]. Digestions were carried out in 6 in. 
x 1 in. pyrex test-tubes with 1 ml. of cone. H,SO, (Analar) 
and a few drops of Analar HNO,. The digests were made 
up to 10 ml., 1 ml. of which was mixed in a } in. Lovibond 
cell with 1 ml. of dipyridyl reagent and a trace of solid 
Na,S,0,. The colorimetric determinations were carried out 
in a Lovibond tintometer, the red units being found pro- 
portional to the Fe content of the test material. With Fe 
solutions of known strengths, a standardization curve can 
be drawn (Fig. 1), and the Fe content of any unknown 
material can be calculated from its Lovibond readings by 
reference to the standard curve. 
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The Cu content of the preparations was determined by 
the colorimetric method of Keilin & Mann [1938], with 
sodium diethyl-dithiocarbamate reagent. Digestion of the 
material was carried out as above and 5 ml. digests were 
employed for the test. The CCl, solution was made up to 
10 ml. and dehydrated by shaking with a small quantity 


Red units (Lovibond) 





0 4 8 12 16 20 
Hg. Fe 


Fig. 1. 


of anhydrous sodium sulphate. Colorimetric determination 
was again carried out in a Lovibond tintometer, with } in. 
cells for all tests. The yellow readings are found to be 
proportional to the Cu content of the material as shown 
by Fig. 2, which was obtained by employing solutions of 
known Cu content. Measurements could be made correct 
to 0-1 yellow Lovibond units, corresponding to about 0-3 yg. 
of Cu in 10 ml. of CCl, test solution. 
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Fig. 2. 


Total blanks were run for both the Fe and Cu contents 
of all reagents except the test solution, the procedure being 
identical with that of an experiment. 


Estimation of enzyme activity 


The activities of enzyme preparations were estimated by 
the method described in Part 4 of this series. Activities are 
expressed in terms of mg. ascorbic acid oxidized in 1 hr. 
at room temperature under the conditions described. Where 
necessary, activities are calculated/g. dry weight of the 
material. 
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Purification of enzyme 


(a) Extraction of enzyme from acetone-prepared 
leaf powder. The acetone preparation of enzyme was 
obtained as described previously [Lamb & Sreeran- 
gachar, 1940] but without using sand for grinding 
leaf. It was observed previously that extraction of 
soluble enzyme from this acetone preparation varied 
with the reaction of the extracting medium up to 
pH 7-0. Alkaline reactions were not then tried. 
In the present experiment it has been found that 
the amount of enzyme extracted increases up to 
pH 10-0, beyond which the enzyme undergoes con- 
siderable inactivation. Sdrensen’s glycine buffer 
and Ringer’s phosphate buffer were employed to 
obtain these alkaline reactions, and Table 1 gives 
results of extraction of 20 mg. acetone-prepared 
enzyme. After extraction the enzyme solution was 
adjusted to pH 5-0 with dilute acetic acid, and a 
fraction equivalent to 20 mg. of original powder 
was employed for activity determinations. All 
reactions were carried out in presence of McIlvaine’s 
buffer at pH 5-0 and activity expressed in mg. 
ascorbic acid oxidized in | hr. 


Table 1. Enzyme extraction in alkaline solution 





pH 50 80 90 100 11:0 12-0 
Insoluble enzyme 1-51 1:31 1:35 1:05 0-62 0-53 
activity 
Soluble enzyme 9-98 1-02 1:38 1:56 0-32 0-05 
activity 
Total activity 2-49 2-33 2-73 2-61 0-94 0-58 


The unextracted powder gave an average activity 
of 2-60, which shows that up to pH 10 there is no 
enzyme inactivation. The amount of enzyme ex- 
tracted is maximum (60% of total) at pH 10-0, 
beyond which both the soluble and insoluble en- 
zymes are considerably inactivated. It appears, 
therefore, that the most suitable reaction for 
extraction of soluble enzyme is pH 10-0, which was 
accordingly employed in the present investigation. 

About 10 g. of the acetone-prepared leaf powder 
were extracted with 400 ml. buffer at pH 10-0 for 
2 hr., filtered through muslin and squeezed by hand. 
The residue was extracted twice with 200 ml. buffer, 
the extract being squeezed out each time through 
muslin. The extracts were all collected, filtered 
through paper to give a clear reddish brown extract 
and adjusted to pH 6-0-6-5 by addition of dilute 
acetic acid. This acetone preparation had an activity 
of 0-21/mg. dry weight, while the activity of its 
extract was 0-43. If we define the amount of enzyme 
that oxidizes 1 mg. ascorbic acid as equivalent to 
a unit of enzyme, the crude extract was found to 
contain 966 units out of 2110 units of enzyme in 
the powder, i.e. about 46 % extraction. 
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(6) Fractional precipitation with ammonium sul- 
phate. Solid ammonium sulphate was gradually 
added to the crude extract so as to give, as shown 
below, increasing concentrations of the salt. The 
precipitate appearing at each stage was filtered off 
before the next addition of (NH,),SO,. 


Concentration of 


(NH,).S0, 

(% saturation) Resulting precipitate 
5 No ppt. 
10 No ppt. 

25 Turbidity but no ppt. 

33-3 Slight brown ppt. (A) 

50-0 Thin dark ppt. (B) 

75-0 Dark ppt. (C) 

100-0 Dark ppt. (D) 


Precipitates A—D were collected separately, sus- 
pended in water and dialyzed against distilled water 
until free of (NH,),SO,. They were all fourid to be 
completely tannin-free when tested with FeCl,. 
The precipitates A and B, on dialysis, gave cloudy 
suspensions containing some insoluble matter, while 
C gave a brownish solution with very little insoluble 
substance. Precipitate D, on the other hand, 
yielded on dialysis a dark brown solution. Table 2 
shows the activities and other particulars of these 
four fractions. 


Table 2. Properties of fractions obtained 
by (NH,).SO, precipitation 


Vol. of Solid Activity Enzyme 
suspension content (units/mg. content 
Fraction (ml.) (mg./ml.) dry wt.) (units) 
A 50 1-80 1-20 105 
B 100 1-76 1-31 231 
C 30 0-53 5-70 91 
D 100 0-88 4-48 394 


It will be seen that from an initial quantity of 
about 966 units a total of about 821 units of enzyme 
are recovered in the process. The fractions A and B 
seem to be similar in their activities and also in their 
solid-matter content. Most of the activity in these 
fractions appears to be associated with the insoluble 
matter; for the filtrates from A and B gave ac- 
tivities of only 0-42 and 0-41 unit/ml. respectively, 
while the original suspensions had activities of 2-17 
and 2-31 units/ml. respectively. The dialysates re- 
sulting from fractions C and D had much higher 
activities than A and B, and they were, therefore, 
mixed and employed for further purification. 


(c) Purification with lead acetate. In accordance with the 
procedure of Keilin & Mann [1938] for the purification of 
mushroom polyphenol oxidase, further purification of tea 
oxidase by means of lead acetate was attempted. In order 
to determine the amount of lead acetate required to remove 
impurities without affecting the enzyme, a trial experiment 
was conducted. 5ml. portions of the dialysates (§ (6) 
above) were treated separately with 0-1, 0-2, 0-3 and 
0-4 ml. 1/100 saturated lead acetate and the resultjng 
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brownish gelatinous precipitate was immediately centri- 
fuged off. The colour of the liquid diminished propor- 
tionately with the amount of lead acetate added, and in 
the last instance the centrifugate was almost colourless. 
The activities of the various solutions resulting from the 
above treatment are shown in Table 3. 


Table 3. Activity of material obtained by 
lead acetate fractionation 


Activity of 
resulting solution 


Percentage of the 
original activity 


Lead acetate 
solution added 


(ml.) (units/ml.) recovered 
0 2-90 100-0 
0-1 2-80 96-5 
0-2 2-28 78-6 
0-3 0-64 22-0 
0-4 0-36 12-4 


This preliminary test shows that lead acetate, even in 
small quantities, brings about a rapid inactivation of 
enzyme. On the dry weight basis, the activity of the 
solution resulting from the addition of 0-2 ml. lead acetate 
solution was 2-85 units/mg., which was only 70% of 
original activity. The method was, in consequence, useless 
for the purification of tea oxidase and was abandoned. 

(d) Fractional precipitation with acetone in the cold. 
40 ml. enzyme solution (§ (b) above) were cooled to -—2 
to —3° and mixed with cold acetone to give successively 
the following concentrations of acetone: (1) 5% acetone as 
employed by Keilin & Mann [1938] to remove readily 
precipitable impurities; (2) 40% acetone similar to Kubo- 
witz’s method [1938] for precipitating the potato oxidase, 
and (3) >80% acetone which effected more or less total 
precipitation. After good stirring the brown precipitates 
were centrifuged off, dissolved in a small quantity of 
Mcllvaine’s buffer at pH 7-0 and dialyzed against water. 


Table 4. Properties of the material obtained by 
fractional precipitation with cold acetone 


Vol. of 


Cone. of fraction i Dry Activity 
acetone ondialysis Activity matter (units/mg. 
(%) (ml.) (units/ml.) (mg./ml.) dry wt.) 

5 No ppt. — _: — 

40 ll 13-2 2-8 4-7 

>80 9 6-4 2-3 2-8 


The activity of the original solution is 5-0 units/mg. dry 
weight, and this value is not reached by any of the fractions 
obtained, although the 40% acetone fraction is very near 
to it. At 40% acetone concentration, therefore, the enzyme 
is concentrated into a smaller volume, but on the dry- 
weight basis no purification of enzyme has been achieved. 
Concentrations of acetone above 40% appear to bring 
about inactivation of enzyme. Thus acetone precipitation 
gave no more successful results in the purification of tea 
oxidase than the precipitation with lead acetate. (Table 4.) 


(e) Adsorption on calcium orthophosphate. Cal- 
cium orthophosphate gel has been successfully em- 
ployed in the purification of several oxidizing 
enzymes, e.g. mushroom polyphenol oxidase [Keilin 
& Mann, 1938], laccase [Keilin & Mann, 1938], and 
tyrosinase [Venkateswaran & Sreenivasaya, 1940]. 


H. B. SREERANGACHAR 





1943 


Preliminary experiments on the use of this material 
for purification of tea oxidase gave promising re- 
sults, and it has, therefore, since been adopted. 
In a typical adsorption experiment 150ml. of 
(NH,),SO,-precipitated enzyme, containing 842 
units, were acidified to pH 6-5 and mixed with 
18g. of freshly prepared gelatinous tricalcium 
phosphate. After standing for 30 min. the mixture 
was centrifuged and the colourless centrifugate, 
which contained only 42 units, was discarded. The 
phosphate cake was extracted three times with 
10 ml. M/2 K,HPO, solution, elution being carried 
out for }, 2 and 4 hr. respectively. The mixture was 
centrifuged once again, and the eluates all combined 
and dialyzed against distilled water. 120ml. of 
pale yellow solution resulted, with 0-53 mg. dry 
weight/ml. and an activity of 5-0 units/mg. dry 
weight. 

A second adsorption as above resulted in 30 ml. 
of an almost colourless dialyzed solution: dry 
weight, 0-20 mg./ml. and activity 10-1/mg. dry 
weight. A 60-70-fold purification of enzyme in the 
acetone preparation (activity 0-15 unit/mg. dry 
weight) has thus been effected by (NH,),SO, frac- 
tional saturation and the two adsorptions just 
described. This, taken in conjunction with the fact 
that the soluble enzyme forms, under the most 
favourable conditions, only 60 % of the total quan- 
tity of enzyme present in the acetone preparation, 
shows that the actual concentration of soluble 
enzyme effected is about 100-fold. Further, on an 
average the acetone-prepared enzyme forms about 
50 % of the dry weight of leaf and the latter roughly 
amounts to a fourth of the fresh weight. These data, 
therefore, indicate that the activity of the purest 
preparation obtained is at least 800 times greater 
than the activity of fresh tea leaf. 

There are indications that the stability of the 
enzyme suffers considerably on purification by ad- 
sorption, elution and subsequent dialysis. Most of 
the inactivation occurs during dialysis which, how- 
ever, is necessary for the dry-weight determinations 
and therefore cannot be excluded. It is, therefore, 
advisable to neutralize the eluate and determine its 
activity before dialysis. Dry-weight determinations 
could be done on the dialyzed preparations, with 
proper allowance for the increase in volume during 
dialysis. Inactivation can be much reduced if the 
alkaline eluate is neutralized before dialysis. Thus 
it is possible that the protein carrier of the enzyme 
in a purer state cannot stand continuous contact 
with the alkaline medium, which may rapidly de- 
nature the protein. The possibility also of the 
existence of a protecting substance or an additional 
prosthetic group which is removed during adsorp- 
tion cannot be excluded. The work of Keilin & 
Mann [1940] on the blue pigment of laccase lends 
support to the latter hypothesis. 
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Relationship between iron and copper contents 
and enzyme activity 


In order to elucidate any possible relationship 
between Cu and Fe on the one hand and the activity 
of the enzyme on the other, quantitative data were 
obtained on the contents of these metals in the 
several purified preparations of enzyme as described 
above. Table 5 contains some typical results of 
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tion to all the rest of the adsorption experiments, 
where enzyme activity was determined immediately 
after elution and neutralization. § 3 (e) above gives 
reasons for suspecting that the continued contact 
with alkaline phosphate inactivates the enzyme in 
its purer state, and for this reason the low value of 
enzyme activity here shown is also suspect. No. 13 
refers to a fractional precipitation of the enzyme 
solution with 40% acetone. It is not unreasonable 


Table 5. Relationship between Fe and Cu contents and enzyme activity 





Activity Cu content Fe content 
(units/g. ‘ ret AN ~ 
dry (ug./unit (ug-/anit 
No. Stage of purification enzyme) (yg./g.) activity) (ug./g.) activity) 
1 Acetone-prepared enzyme 151 32 0-21 150 1-00 
2 Crude extract 330 60 0-18 119 0-36 
3 . (NH,),SO, } sat. ppt. 890 145 0-16 1364 1-53 
4 (NH,).SO, full sat. ppt. I 3,100 267 0-09 2400 0-77 
5 After adsorption on and elution from Ca,(PO,), gel. I 5,060 625 0-12 0 0 
6  (NH,),SO, full sat. ppt. IL 6,600 520 0-08 1558 0-24 
7 Ca,(PO,). adsorbed and eluted enzyme II 4,000 364 0-09 0 0 
8  (NH,),SO, full sat. ppt. IIL 3,546 335 0-09 789 0-22 
9 Ca,(PO,). adsorbed and eluted enzyme III, first adsorption 5,000 357 0-07 0 0 
10 Ca,(PO,). adsorbed and eluted enzyme III, second adsorption 10,100 800 0-08 0 0 
ll Adsorbed cake residue from no. 9 eluted again with alkaline 2,830 313 0-11 0 0 
phosphate 
12 Cake from no. 11 eluted with } sat. (NH,),SO, 2,440 244 0-10 610 0-25 
13 (NH,),SO, full sat. enzyme precipitated at 40% acetone 4,700 714 0-15 1786 0-38 


concentration 


these determinations and also the activities of the 
preparations/g. dry enzyme. To facilitate compari- 
son, contents of Fe and Cu/unit activity of enzyme 
are also given. 

It will be noticed that Fe is present in the enzyme 
preparations up to a certain stage in purification 
but disappears as purification proceeds further. It 
actually increases during the initial stages, although 
this increase is not in proportion to the increase in 
activity. Absence of Fe in the adsorption-purified 
enzyme makes its association with the active mole- 
cule of the enzyme impossible. 

On the other hand, there is a steady increase in 
the Cu content of the preparations, with increasing 
activity/g. dry weight of material. In the more 
active preparations, however, there exists a fair 
proportionality between enzyme activity and Cu 
content. The Cu content/unit activity approaches 
a constant value on progressive purification. When 
the activities of the purified enzyme preparations 
are plotted against their corresponding copper con- 
tents an approximate straight-line relationship 
becomes evident (Fig. 3). 

There are two points which diverge very appre- 
ciably from the linear relationship between activity 
and Cu content shown by the rest of the data. 
Against these points the number of the preparation 
to which they refer is shown. No. 5 is a preparation 
in which the activity was determined after dialysis 
following adsorption and elution, in contradistinc- 


to suggest that the acetone effected both a concen- 
tration of the enzyme (which would give a value 
much higher than the original 5-0) and also inacti- 
vated a portion of it. In this case the apparent 
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Fig. 3. Relationship between the Cu content 
and the activity of tea oxidase. 


drop to 4-7 would not represent the full extent of 

inactivation, and again, this result is rendered 

suspect. In both these cases, therefore, there age 
43-2 
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reasonable criteria for rejection of these two data 
when the activity-Cu relationship is considered. 

The proportional relationship between the Cu 
content and the activity of the preparations is 
apparent even amongst the batches of acetone- 
prepared enzyme when such preparations are ob- 
tained from individual bushes whose leaf showed a 
fairly wide range of activity. For instance, the 
bushes whose acetone-prepared enzyme prepara- 
tions had activities of 224, 193, 185 and 80 respec- 
tively/g. of material contained 20, 16, 16 and 4yg. 
of Cu/g. respectively. Since even in these prepara- 
tions, which can by no means be considered pure, 
the ratio between the enzyme activities and Cu 
appears to be of the same order as that obtained 
with further purified preparations, it is possible 
that the Cu found in these preparations is mostly 
enzymic. This idea receives support from the fact 
that some of the fractions exhibiting only slight 
activity do also contain some Cu, but it is not in 
any great excess over the amount that corresponds 
to their activity. However, not all the Cu present 
in the fresh leaf belongs to the enzyme. Part of 
the Cu present in fresh leaf but not essential to the 
enzyme is indeed removed during extraction with 
acetone. 


Dialysis against KCN 


While ordinary dialysis removes all ‘free’ or 
ionic Cu from the enzyme preparations, dialysis 
against cyanide results also in loss of bound Cu 
from the enzyme. This method of removal of bound 
Cu was originally devised by Kubowitz [1937; 1938] 
in his study of potato oxidase and later employed 
_by others [Meiklejohn & Stewart, 1941; Allen & 
Bodine, 1941]. In the Cu-protein systems studied, 
complete removal of Cu resulted in total inactiva- 
tion of enzyme, which showed that Cu formed part 
of the enzyme molecule. 

In experiments with tea-oxidase preparations, 
dialysis against KCN has also been carried out, 
with a similar object. To 10ml. samples of 
(a) (NH,),SO,-purified enzyme and (b) Ca,(PO,).- 
adsorbed enzyme, solid KCN was added to give a 
concentration of M/100 KCN, and the mixtures 
dialyzed against Cu-free water until all KCN was 
removed. In Exps. 2 and 3, the enzyme solutions 
were first dialyzed for about 4 hr. against M/1000 
KCN solution and then against Cu-free water. 
Table 6 gives the activities and iron and copper 
contents before and after KCN treatment. 

In the case of (NH,).SO,-purified enzyme there 
is apparently a tendency to retain part of the 
original Cu after treatment with KCN. By con- 
tinued dialysis against KCN, as in Exp. 2, most of 
the Cu can, however, be removed from the enzyme 
solution.. The enzyme preparation obtained after 
adsorption loses its Cu more easily when subjected 
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Table 6. Dialysis of tea oxidase against KCN 


Percentage 
KCN- remaining 
Original dialyzed after KCN 
enzyme enzyme treatment 
Exp. 1. (NH,),S0,-purified enzyme 
Dialyzed against water 


Activity/g. 6000 2800 42 
Cu, pg./g. 520 206 40 
Fe, pg./g. 1558 1647 106 


Exp. 2. (NH,),SO,-purified enzyme 
Dialyzed against KCN + water 


Activity/g. 2872 206 7 

Cu -/Z. 335 35 10 
» BE-/S 

Fe, yg./g. 789 701 89 


Exp. 3. Ca3(PO,).-adsorbed enzyme 
Dialyzed against KCN + water 


Activity/g. 3562 0 0 
Cu, pg./g. 313 0 0 
Fe, pg./g. 0 0 0 


to KCN dialysis, which renders this preparation 
completely free from Cu. It is significant that in 
every case the activity of the KCN-treated pre- 
paration is proportional to the amount of Cu re- 
tained in the solution; when the entire Cu is 
removed, the preparation becomes completely 
inactive in catalyzing the oxidation of polyphenols. 

The Fe content is not significantly affected by 
the KCN treatment, and its presence seems to be 
immaterial for the activity of the preparations. 

Previous workers, already cited, have found it 
possible, by addition of inorganic Cu, to restore the 
activity of preparations inactivated by dialysis 
against KCN. Kubowitz [1937; 1938] reports a 
restoration of 93%, Meiklejohn & Stewart 67%. 
The behaviour of tea oxidase, however, seems to 
be different in this respect from the above instances. 
For, when Cu is removed from tea oxidase by KCN 
dialysis, it has not been possible to restore activity 
even after addition of six to ten times the original 
amount of Cu. For this purpose the inactive 
dialyzed preparations were allowed, after addition 
of CuSO,, to stand for a few hours and were then 
dialyzed against water to remove excess Cu. The 
preparations remained inactive. 

The failure of inorganic Cu to restore the enzyme 
activity may perhaps be due to its inability, after 
once being split off, to recombine with the protein 
residue of the enzyme molecule: The possibly labile 
nature of the protein part has already been men- 
tioned, and during KCN dialysis it is likely that the 
protein may have been altered in a manner which 
makes reconstruction of enzyme impossible. Even 
in Meiklejohn & Stewart’s [1941] experiments, the 
necessity for adding large excesses of inorganic Cu 
to restore only part of the original activity may be 
considered as indicative of the unstable nature of 
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the protein residue of the enzyme. Although re- 
storation of inactive tea-oxidase preparations has 
not been successful, the complete loss of activity 
that attends a total removal of Cu must be regarded 
as providing evidence for Cu forming the active 
group of the enzyme. 


N content of active preparations 


Since the purest enzyme is considered to be a Cu 
protein, its N content may be expected to be about 
15-16 % of dry weight, as in the case of other pro- 
teins. N determinations of partially purified pre- 
parations may, therefore, be taken to indicate the 
extent of purification effected, provided the pre- 
parations do not contain any nitrogenous impurities. 
It seems unlikely that, after (NH,),SO, precipita- 
tion and dialysis and the operations preceding if, 
the tea-oxidase preparations contain any unknown 
nitrogenous impurities. Table 7 gives the results of 
micro-determinations of N on some of the more 
active preparations of enzyme, together with their 
activities. 


Table 7. N contents of enzyme preparations 


Activity 
(units/g. N 
Preparations dry wt.) (%) 
. (NH,).SO,-precipitated enzyme I 4,700 3-96 


. (NH,),SO,-precipitated enzyme IT 3,546 3-47 
No. 2 after adsorption on Ca,(PO,). 5,000 4-97 
. No. 3 after a second adsorption 10,100 6-60 
. No. 3 elution with } sat. (NH,).SO, 2,882 2-73 


CU oo bo 


It will be noticed that the N content of the 
preparations varies with the degree of purification 
obtained. If the N content of the pure substance 
is about 15%, our best preparation is only about 
40% pure. 


DISCUSSION 


In plant extracts, a certain amount of catalytic 
oxidation of ascorbic acid is probably due to the 
presence of ionic Cu, as distinct from the action of 
enzymic Cu, which is no doubt very much greater 
than the former. Since, in the present investigation, 
estimations of polyphenol oxidase activity have 
been carried out by means of ascorbic acid, it is 
relevant to consider if there has been any inter- 
ference in the results from this source. Such inter- 
ference, if any, is possible only in the case of 
acetone-prepared enzyme powder and the crude 
extract. All other preparations clearly cannot con- 
tain any ionic Cu, as they have all been subjected 
to a prolonged dialysis during the course of purifi- 
cation. The more important conclusions reached in 
these experiments have been based on the dialyzed 
preparations, and as such they are unaffected by 
any possible presence of Cu ions in the fresh 
leaf. 
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No correlation has been perceived between the 
Fe content and the activity of preparations studied. 
On the contrary, the most active preparations are 
characterized by a complete absence of Fe, while 
the Fe contents in other preparations rendered 
inactive by dialysis against KCN remained un- 
affeeted. The possibility, therefore, of the enzyme 
being of the nature of a haemochromogen is ex- 
cluded. This is in support of our previous conclu- 
sions based on spectroscopic and other evidence. 

On the other hand, the evidence presented in this 
investigation shows a close relationship between the 
Cu content and tea-oxidase activity. In the more 
concentrated preparations the catalytic activity 
runs fairly parallel to the Cu content. Removal of 
Cu from the enzyme complex by dialysis against 
KCN results in its inactivation. These results point 
to the conclusion that, like other known polyphenol 
oxidases, tea oxidase also is a metalloprotein with 
Cu as its prosthetic group. 

To obtain an idea of the degree of success in the 
purification of the tea enzyme in our best prepara- 
tion, a comparison may be made between the 
activities of our enzyme and that of Kubowitz. 
Calculated in terms of O, uptake, the purest pre- 
paration of tea oxidase obtained in these experi- 
ments has an activity of 27pl. O,/min./yg. of 
enzymic Cu (Qo, /Cu= 1-6 x 10°), which is roughly 
one-tenth the figure obtained by Kubowitz for the 
potato oxidase. With the limited equipment avail- 
able here, attempts to purify the enzyme further 
have not as yet proved successful. 


SUMMARY 


1. Tea oxidase has been purified to a concentra- 
tion of at least 800 times that present in fresh leaf. 

2. The purest preparation obtained had an ac- 
tivity of 10,100 units/hr./g. dry weight of enzyme, 
1 unit of enzyme being defined as the amount which 
brings about the oxidation of 1 mg. ascorbic acid. 
The Cu content of this preparation is 0-08% and 
nitrogen 6-60%. It has been calculated that 1 yg. 
of enzymic Cu catalyzes an O, uptake of 27zyl. 
O,/min. 

3. The enzyme preparations purified by adsorp- 
tion on Ca,(PO,), gel were completely free from 
Fe. 

4. In the more active preparations the poly- 
phenol oxidase activity is proportional to the 
amount of Cu present. Complete removal of Cu 
inactivates the enzyme; resynthesis of enzyme by 
addition of CuSO, has not been possible. 


The author’s thanks are due to Dr R. V. Norris, the 
Director, Tea Research Institute of Ceylon, for permission 
to publish this paper and to Dr T. Eden, Agricultural 
Chemist, for critical reading of the manuscript. t 





Allen, T. H. & Bodine, J. H. [1941]. Science, 94, 443. 

Bertrand, G. & Mallévre, A. [1895]. C.R. Acad. Sci., Paris, 
121, 726. ; 

Keilin, O. & Mann, T. [1938]. Proc. roy. Soc. B, 125, 187. 

—— [1939]. Nature, Lond., 143, 23. 

[1940]. Nature, Lond., 145, 304. 

Kubowitz, F. [1937]. Biochem. Z. 292, 221. 

[1938]. Biochem. Z. 299, 32. 

Lamb, J. & Sreerangachar, H. B. [1940]. 
34, 1472. 











Biochem. J. 


H. B. SREERANGACHAR 


REFERENCES 







Meiklejohn, G. T. & Stewart, C. P. [1941]. Biochem. J. 
35, 755. 

Shaw, W. S. & Jones, K. B. W. [1935]. Uni. Plant. Ass. 
South India Bull. 4b, 23. 

Shorland, F. B. & Wall, E. M. [1936]. Biochem. J. 30, 
1047. 

Sreerangachar, H. B. [1943]. 
661. 

Venkateswaran, S. L. & Sreenivasaya, M. [1940]. Curr. 
Sci. 9, 21. 


Biochem. J. 37, 653, 656, 


Oxidation of Acetic Acid in Animal Tissue 


By A. KLEINZELLER, Department of Biochemistry, University of Sheffield 


(Received 7 October 1943) 


Although it is known that acetic acid is readily 
oxidized in the animal, little is known of the inter- 
mediate stages on its oxidative path in the animal 
body, and numerous schemes have been suggested 
for its intermediate metabolism. Inthe present paper 
the oxidation of acetic acid and related 2-carbon 
compounds in animal tissue was examined. The 
results suggest that neither glycollic acid, glyoxylic 
acid, nor glycine are intermediates in the oxidation 
of acetic acid. 

In the course of the investigation it was found 
that glyoxylic acid is a strong inhibitor of tissue 
respiration and of carboxylase. This observation 
may be useful in the study of enzymic reactions. 


METHODS 


Preparation of glyoxylic acid [Mohrschulz, 1926]. The 
Ca-salt was isolated and recrystallized three times (analysis: 
Ca, found 17-9%; calc. 17-°9%). The Na-salt used was pre- 
pared from the Ca-salt by an equimolecular quantity of 
Na,CO,. 

Manometric experiments were carried out at 40° in 
Warburg’s conical flasks. Fresh tissue was either sliced or 
minced. In every experiment tissue from the same normally 
fed animal was used, and the results are therefore directly 
comparable. 

The rate of disappearance of carboxylic acids was studied 
by a method first described by Meyerhof & Lohmann [1926] 
[see also Elliott & Schroeder, 1934]. The method is based 
on the fact that the oxidation of a carboxylic acid in a 
neutral buffered medium yields, under certain conditions, 
bicarbonate. The increase of bicarbonate in the solution is 
therefore a measure of the oxidation of the organic acid. 
Tissue slices (dry weight 7-30 mg. according to species and 
tissue) were suspended in 3 ml. physiological saline [Krebs 
& Henseleit, 1932] containing 80yl. bicarbonate/ml. The 
substrates were added as Na-salts to the main compartment 
of the flask. 0-2 ml. 2N NaOH was placed into the centre 
well and, unless otherwise stated, the gas space of the cup 





was filled with O,. The manometers were put into the 
thermostat and the 0, uptake was measured after an equi- 
libration period of 10 min. The total O, uptake was calcu- 
lated by extrapolating for the equilibration period. After 
the incubation period (90-120 min.) the cups were cooled 
with ice, and the slices removed, washed, dried, and weighed. 
The NaOH in the centre well was replaced by 0-1 ml. 10% 
H,SO,, and 0-2 ml. 10% H,SO, was measured into the 
side-arm. The gas space was filled with 5% CO, in O,, 
and, after equilibration, the amount of NaHCO, in the 
solutions was estimated by acidification. The values found 
were corrected for the amount of NaHCO, carried by the 
tissue slices, on the assumption that a volume of liquid 
equalling 10 times the dry weight of tissue is introduced 
or removed with the tissue. From the values obtained, 
Qo, and Qbicarbonate (Qpic.) were calculated. Qhic. is equal 
to the negative metabolism quotient of the substrate in- 
vestigated (—Q.ubstrate)» Provided that no acid groups are 
formed during the experiment, and the carboxylic group is 
oxidized. When the carboxylic group is not altered as a 
result of the metabolism, the changes of bicarbonate found 
in the experiment are not related to the utilization of the 
substrate. 

In experiments with minced tissue, 3 ml. of a suspension 
of tissue in phosphate saline [Krebs, 1933] were measured 
into the main compartment; 0-2 ml. 2N NaOH was placed 
into the centre well, and the substrate was measured into 
the side-arm and made up to 1 ml. with the saline medium. 
The gas space was filled with O,. After an equilibration 
period of 10 min. the contents of the cup were mixed and 
the O, uptake was measured. 

In anaerobic experiments, yellow phosphorus was placed 
in the centre well, the gas space filled with 5% CO, in No, 
and the CO, output measured. 

In some of the experiments lactic acid was estimated 
according to Friedemann, Cotonio & Shaffer [1927]. 


RESULTS 


Oxidation of acetate. As measured by the forma- 
tion of bicarbonate, this is more rapid in guinea-pig 
kidney cortex than in any other tissue examined 
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(see Table 1): 0-0156M acetate (final concentration) 
increases Qo, about 50% above that of a control 
without substrate, and the average Q,,.. is + 7:6 as 
compared with +1-0 in absence of any substrate 
(average of 16 experiments). Elliott & Schroeder 
[1934] and Elliott, Benoy & Baker [1935] found in 
the presence of acetate a Q,,.. of 4:7 in rabbit and 
4-1 in rat kidney. Q,,.. in the presence of acetate 
increases with the concentration of substrate 


(Table 2). 


Table 1. Oxidation of acetate in various tissues 


Acetate 
added 
Tissue (M) Qo, Qhie. 
Guinea-pig: Kidney 0 - 12-5 +2-0 
0-0156 —18-1 +73 
Liver 0 — 6-4 +0-28 
0-0156 —- 76 +2-27 
Brain 0 - 80 +0-56 
0-0156 -— 75 +1-15 
Rat: Kidney 0 — 23-2 +1-12 
0-0156 — 29-6 +4-2 


Table 2. Effect of substrate concentration on the 
oxidation of acetate in guinea-pig kidney cortex 


Acetate conc. 


(M) Qo, Qhic. 
0 —- 98 +0-68 
0-00125 -—17-2 +31 
0-0025 -17°3 +4-0 
0-005 —18-4 +55 
0-01 — 20-0 +6-4 
0-02 — 21-6 +72 


Effect of pH. The cffect of pH on acetate oxida- 
tion was studied by using gas mixtures containing 
different concentrations of CO, for filling the vessels. 
No NaOH was placed into the centre well. A higher 
rate of NaHCO, formation from acetate was found 
when the manometers were filled with a mixture of 
CO, and Og, instead of O,, with NaOH in the centre 
well. Q,;.. slightly decreases with increasing con- 
centrations of CO, in the gas mixture (Table 3). 


Table 3. Effect of pH on acetate oxidation 


Solution Approx. Acetate 


Gas in centre pH added 

mixture well (cale.) (M) Qo. Voie. 

0, NaOH 7:33 0 -12-2 +1-28 

O, NaOH 7:33 0-015 -17-7 ++5-91 

1% Co, None 7-33 0-015 — +78 
in O, 

5% CO, None 6-6 0-015 — +6-9 
in O, 

20% CO, - None 6-0 0-015 — +6-32 
in O, 


Effect of ammonium ions. Ammonium ions have 
a catalytic effect on the utilization of some sub- 


ACETIC ACID OXIDATION 675 


strates in. kidney cortex [Edson, 1935; Krebs & 
Cohen, 1939]. Table 4 shows that NH,Cl inhibits 
the oxidation of acetate, as measured by bicar- 
bonate formation; the O, uptake is also reduced. 
No appreciable disappearance of NH} was ob- 
served. Inhibition of respiration by NH,Cl has 
been previously observed in liver [Edson, 1935], in 
brain [Weil-Malherbe, 1938] and in the presence of 
acetoacetate in kidney [Edson, 1935]. 


Table 4. Effect of NH,Cl on acetate oxidation 


Additions (final conen.) 


Acetate NH,Cl 

(M) (ul.) Qo, Qbic. 
0 — — 13-5 +161 
0-0156 — — 22-2 +915 
0 1120 — 13-0 +0-91 
0-0156 224 — 16-4 +435 
0-0156 560 —17-5 +5-78 
0-0156 1120 —17-2 +3-4 
0-0156 2240 —17-6 2-92 


Effect of anaerobic conditions. No bicarbonate is 
formed from acetate under anaerobic conditions 
(Table 5). This confirms unpublished experiments 
of Dr D. Herbert [private communication], made 
by different methods. 


Table 5. Effect of anaerobic conditions on the 
bicarbonate formation from acetate 


Acetate co, NaHCO, Total 
added liberated found co, 

(M) (ul.) (ul.) (ul.) 
0 41 235 276 
0-0156 39 228 267 


Effect of malonate. Malonate was found to inhibit 
the formation of bicarbonate from acetate in guinea- 
pig kidney cortex (Table 6). The inhibition is slight 
at a concentration of 0-001M, whilst almost com- 
plete inhibition is found at a final concentration of 
0-031M. This inhibition of acetate oxidation is 
abolished neither by glutamate nor by glucose. 
Inhibition of the oxygen uptake of liver slices in the 


Table 6. Effect of malonate on the bicarbonate 
formation from acetate 


Additions 
—_— HF 
Exp. Acetate Malonate 
no. (M) (M) Qo. Qbic. 
1 — vite -15-1 42-18 
0-0156 —_ — 22-4 +9-1 
0-0156 0-031 - 13-5 +1-9 
2 = = -15-7 0-0 
— 0-01 — 13-0 +0-87 
0-0156 —_ — 23-3 + 8-52 
0-0156 0-01 — 14:8 +3-7 
0-0156 0-003 -17-2 +6-4 
0-0156 0-001 -17°8 +8-0 
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presence of acetate has been reported by Jowett & 
Quastel [1935]. 

Oxidation of 2-carbon compounds in kidney cortex. 
Challenger, Subramaniam & Walker [1927] sug- 
gested that in moulds acetate is oxidized to form 
glycollic, glyoxylic, and oxalic acids. This scheme 
of oxidation has also been suggested for animal 
tissue [Dakin, 1922; Toeniessen & Brinkmann, 
1930]. The oxidation by kidney cortex of glycollic 
and glyoxylic aeids and of two other 2-carbon 
compounds, glycine and ethanol, which ~ might 
possibly be expected to be connected with the 
metabolism of acetate, was tested (Table 7). Neither 
glycollate, which was shown to be oxidized by rat- 
and rabbit-liver preparations [Dohan, 1940], nor 
glycine, is appreciably oxidized by - guinea-pig 
kidney cortex. On the other hand, glyoxylate was 
found to be a strong inhibitor of tissue respiration. 
Qric. Of kidney tissue in presence of 0-0156M or 
lower concentrations of glyoxylate was generally 
negative. This observation indicates the formation 
of free acidic groups. Ethanol has no marked effect 
on the O, uptake; this confirms the results of 
Leloir & Mufioz [1938]. 


Table 7. Oaidation of 2-carbon compounds in 
guinea-pig kidney cortex 


Exp. 
no. Substrate Qo, 
1 _ -143 
0-0156M acetate — 20-4 
0-0156M glycollate -14-7 
— - 13-0 
0-0156M acetate — 16-6 +515 
0-0156M glycine — 126 +1-82 
_— —- 13-6 0-0 
0-0156 M acetate — 20-2 +58 
0-0156M glyoxylate - 72 — 3-68 
0-0065M glyoxylate - 13-5 -15 
0-0032M glyoxylate -— 14:5 — 0-44 
—12-2 +1-28 
-17-7 +591 
— 12-55 +1-12 


Qbic. 
+0-85 
+6-76 
+0-99 


+1-85 


0-0156M acetate 
0-0156M ethanol 


Inhibition by glyoxylate. Glyoxylate has a strong 
inhibitory effect on the respiration of liver, muscle 
and kidney. In minced pigeon-breast muscle and 
liver the inhibition of respiration increases with 
time (Fig. 1; Table 8). The glyoxylate inhibition in 
pigeon-breast muscle is not abolished by citrate, 


Table 8. Effect of glyoxylate on the respiration 
of minced pigeon-breast muscle and liver 


O, uptake/ 
60 min. 


Tissue 
wet wt. Glyoxylate 
Cup Tissue (mg.) (M) (yl) 
1 Muscle 250 0 1179 
Muscle 250 0-00625 441 
400 0 865 
0-00625 443 


2 
3 Liver 
4 Liver 400 
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fumarate or pyruvate, and only slightly by «-keto- 
glutarate or succinate. 

Under anaerobic conditions,*acid or CO, produc- 
tion of guinea-pig kidney cortex and of liver is 
increased by the presence of glyoxylate. No in- 


1200 


pl. O, uptake 


40 60 


Fig. 1. The effect of 0-00625M glyoxylate on the respira- 
tion of minced pigeon-breast muscle and liver. The 
numbers of the curves correspond with the numbers of 
cups in Table 8. 


creased formation of lactic acid in the presence of 
glyoxylate was observed in liver tissue (Table 9). 
Glyoxylate therefore does not increase the glyco- 
lysis of liver, and it may be assumed that the 
formation of free acidic groups in the presence of 
glyoxylate under anaerobic conditions is due to a 
coupled oxido-reduction of the substrate according 
to the reaction: 


2COOH.CHO+H,0 
=COOH.COOH + COOH.CH,OH. 


Dismutation of glyoxylic acid according to the 
above reaction has been reported to occur in the 
presence of strong alkali [Béttinger, 1880], or of 
yeast maceration juice [Stepanow & Kusin, 1930]. 


Table 9. Effect of glyoxylate on formation of CO, 
and lactic acid under anaerobic conditions 


Tissue 
(of guinea- Glyoxylate 
No. pig) (M) 
1 Kidney 0 
0-0143 


Qco, 
1-39 
3-13 
0 1-85 
0-0143 3-0 

3-56 
5-30 


Qiactic 


Liver 


Liver 0 
0-0143 
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Effect of glyoxylate on carboxylase. The decarb- 
oxylation of pyruvate by fresh yeast maceration 
juice is inhibited by glyoxylate. This inhibition 


pl. CO, formed 





Min. 
Fig. 2. Effect of glyoxylate on the decarboxylation of 


pyruvate by yeast maceration juice. Cup content: 
400ul. pyruvate, 0-3 ml. 3M acetate buffer pH 5-0, 
3-5 ml. H,O. Side-arm: 1 ml. yeast maceration juice. 
Volume made to 5 ml., temp. 25°. Cone. of glyoxylate: 
I=0; I1=0-001M; III =0-002M; IV =0-004M. 


increases with increasing concentrations of gly- 
oxylate (Fig. 2). It is probable that glyoxylate 
competes with pyruvate for the active groups of 


carboxylase. 
DISCUSSION 


The investigation of the oxidation of glycine, gly- 
collic and glyoxylic acids in guinea-pig kidney 
cortex, as measured by the formation of bicar- 
bonate, has shown that none of these substrates 
can be an intermediate in the oxidative path of 
acetate. Apart from the substrates investigated, 
the only substance that could arise by direct oxida- 
tion of acetic acid is oxalic acid, which is known to 
be little utilized in animal tissue [Dakin, 1922]. It 
seems that the oxidation of acetic acid follows other 
pathways, probably involving condensation reac- 
tions. Condensations of acetic acid have been de- 
monstrated by Loeb [1912], who found that aceto- 
acetic acid is formed from acetic acid, and recently 


ACETIC ACID OXIDATION 


677 


Slade & Werkman [1942], using isotopic carbon, 
demonstrated the condensation of acetic acid to 
succinic acid and butylene glycol in bacteria. 
Lipmann [1941] suggests that acetate condenses 
with phosphate to form acetylphosphate before 
undergoing oxidation. 


SUMMARY 


1. The oxidation of acetate, glycollate, and gly- 
oxylate in guinea-pig kidney cortex was studied by 
examining the effect of these substrates on the O, 
uptake and the formation of bicarbonate. 

2. The oxidation of acetate, as measured by the 
formation of bicarbonate. was more rapid in guinea- 
pig kidney cortex than in any other tissue examined. 
On the average, 0-0156M acetate raised the Qo, by 
about 50% and Q,,.. was +7-6 as compared with 
@ Qyic. + 1-0 in absence of added substrate. 

3. The oxidation of acetate was found to increase 
with the substrate concentration; it depends on the 
pH, the highest Q,,.. having been found when the 
pH of the medium was decreased by filling the 
vessel with 1% CO, in O,; NHj decreased the 
oxidation of acetate; no bicarbonate was formed 
under anaerobic conditions. 

4. Malonate inhibited the oxidation of acetate 
in guinea-pig kidney. The inhibition was almost 
complete at a concentration of 0-031M malonate. 

5. Glycine, glycollic acid, and ethanol were not 
appreciably oxidized in guinea-pig kidney. Gly- 
oxylic acid is a strong inhibitor of tissue respiration. 

6. Glyoxylic acid strongly inhibits the decarb- 
oxylation of pyruvate by fresh yeast maceration 
juice. 

7. Glyoxylic acid tc a small extent may undergo 
a coupled oxido-reduction in liver and kidney tissue 
to form glycollic and oxalic acids. 

8. It is concluded that neither glycollic nor 
glyoxylic acid is an intermediate in the oxidation 
of acetic acid in guinea-pig kidney cortex. 

The author wishes to express his thanks to Dr H. A. 
Krebs for having suggested this investigation, and for his 
constant help and advice. 
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Butyrie acid is known to undergo a number of 
metabolic reactions in animal tissue, viz. oxidation 
to acetoacetic and B-hydroxybutyric acids, forma- 
tion of carbohydrate [Cross & Holmes, 1937; 
Blixenkrone-Moller, 1938], and complete oxidation. 
The intermediate steps in these reactions are, 
however, still largely unknown. In the present 
paper experiments on the oxidation in animal tissue 
of butyric acid and a number of hitherto un- 
examined 4-carbon monocarboxylic acids will be 
reported. The metabolism of the latter was studied 
with the object of ascertaining whether they might 
be intermediates in the metabolism of butyric acid. 
It will be shown that vinylacetic, dl-«y-dihydroxy- 
butyric, y-hydroxybutyric, and in some tissues 
trans-y-hydroxycrotonic acids are oxidized in animal 
tissues; dl-By-dihydroxybutyrie acid is little oxi- 
dized in kidney cortex, but causes the formation of 
a B-ketonic acid in starved rat and pigeon liver; 
tetrolic and tetronic acids are not oxidized in animal 
tissues, whilst vinylglycollic acid is an inhibitor of 
tissue respiration. 


EXPERIMENTAL 
Preparations 


y-Hydroxybutyric acid was prepared according to Fichter 
& Hérbrand [1896]. b.p. 202°. The preparation was free 
from succinic acid. 

Vinylacetic acid [Linstead, Noble & Boorman, 1933]. 
b.p. 72-5-75°/13 mm.; 39-5 mg. required 4:54 ml. 0-1N 
NaOH; calc. 4-60 ml. 

Tetrolic acid {Feist, 1906]. m.p. 755°. 

dl-xy-Dihydroxybutyric acid [Nef, 1910]. The lactone of 
the acid, together with lactic acid, was extracted with ether 
from a mixture of saccharinic acids obtained by treating 
lactose with 8N NaOH. The acids were distilled at 5-6 mm., 
b.p. 115-120°; the distillate was neutralized with NaHCO, , 
and the «-hydroxybutyrolactone was extracted with ether. 
The extracted lactone was converted into the phenyl- 
hydrazide (m.p. 130°), the hydrazide was decomposed with 
Ba(OH),, the phenylhydrazine extracted with ether and 
the lactone extracted after acidifying with H,SO,; 42-1 mg. 
required on heating 4-05 ml. 0-1 N NaOH, calc. 4-04 ml. 

dl-By-Dihydroxybutyric acid [Nef & Dar Juan, 1910]. 
89-2 mg. required on heating 4-25 ml. 0-2N NaOH, calc. 
4-37 ml. 

trans-y-Hydroxycrotonic acid [Rambaud, 1935]. 
107-5°. 

Vinylglycollic acid was isolated from the higher boiling 
fractions after the distillation of its methyl ester [van der 
Sleen, 1902]. b.p. 127-5°/11 mm.; 100-8 mg. required on 
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heating 4-90 ml. 0-2N NaOH, calc. 4:95 ml. An attempt 
to isolate the crystalline Ba-salt [van der Sleen, 1902] was 
unsuccessful. 7 
Tetronic acid was prepared by Dr H. A. Krebs according 
to Wolff & Schwabe [1896]. 
The other substrates were commercial preparations. The 
substrates were used as Na-salts. 


Methods 


1. The experiments were carried out on slices of kidney 
tissue from well-fed animals, unless it is stated that fasting 
animals were used. The oxidation of the various substrates 
was studied by the method of Meyerhof & Lohmann [1926] 
(see Kleinzeller [1943]). The formation of bicarbonate from 
crotonic and vinylacetic acids, as measured by this method, 
was compared with the disappearance of double bonds in 
the presence of these acids; the two methods were found to 
give similar results (Tables 6 and 7). As there are no 
specific methods available for estimating the other sub- 
strates, the assumption that the formation of bicarbonate 
is a measure of the utilization of these substrates is neces- 
sarily hypothetical. 

2. Acetoacetic acid was estimated by the method of 
Edson [1935], which is specific for B-ketonic acids. 

3. Estimation of crotonic and vinylacetic acids: The 
method is based on the estimation of H, necessary for the 
quantitative catalytic hydrogenation of the double bond. 
Both crotonic and vinylacetic acids are quantitatively 
hydrogenated under the conditions used for the estimation 
of aconitic acid [Johnson, 1939]. The conical manometric 
cups were filled as follows: 

Main compartment: 2-0 ml. water, 0-5 ml. 5% H,SO,, 
0-5 ml. catalyst suspension containing about 5mg. Pd 
catalyst (Membranfilter Ges. Gottingen, 5% Pd on BaSO,), 
finely ground and saturated with H,. 

Centre well: 0-1 ml. 20% NaOH, 0-1 ml. 20% pyrogallic 
acid, small glass bead. 

Side-arm: 1 ml. test solution (acidified). 

The cups were filled with H,, and put into a bath at 40°. 
Equilibrium was quickly attained. Since no H, uptake 
was observed in the blank (without addition of substrate), 
it could be generally omitted. Recovery of added material 
was satisfactory (Table 1). 


Table 1. Estimation of crotonic and 
. . . re 
vinylacetic acids 


pl. H, uptake after 


Acid added SS 
(yl.) 5 min. 10 min. 15 min. 20 min. 

448 crotonic 381 447 448 446 

*448 vinylacetic 410 421 21 421 

*465 vinylacetic 405 450 455 456 


* The somewhat low recovery of vinylacetic acid may 
be due to loss of this volatile acid during preparation of 
the solution. 
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In manometric experiments the following procedure was 
adopted: the contents of the cup were deproteinized with 
vol. of 5% HPO, and filtered; a measured portion was 
then transferred into a Kutscher Steudel extractor, acidified, 
and extracted with ether. The bulb of the extractor con- 
tained 1 ml. M NaHCO, to neutralize the extracted free 
acid and thus to prevent losses due to their volatility. The 
extraction was generally complete after 1 hr. (Table 2). 
After the extraction the ether was distilled off, and a 
measured portion of the acidified extract was used for the 


estimation. 
Table 2. Extraction of crotonic and 
vinylacetic acids 


(Volume of solution in extractor: 20 ml. Approximate 


rate of distillation of ether: 15 ml./min.) 


Acid found (yl.) after extraction 





Acid added r \ 
(ul) 0-30 min. 30-60 min. Total 
896 crotonic 881 16-5 897-5 
834 vinylacetic 830 5 835 


The method is not specific, for many unsaturated com- 
pounds, and also keto-acids, will be estimated in this way. 
The disappearance or formation of unsaturated compound 
will be denoted by the symbol Q, , i.e. ul. H, absorbed/mg. 
dry weight of tissue/hr. 


RESULTS 


Oxidation of 4-carbon monocarboxylic acids in 
kidney cortex. It is known that kidney cortex 
oxidizes butyric, crotonic, B-hydroxybutyric, aceto- 
acetic [Jowett & Quastel, 1935; Quastel & Wheatley, 
1935] and threo-«B-dihydroxybutyric acid [Weil- 
Malherbe, 1938; see, however, Hoff-Jorgensen, 
1940). 

In the present experiments the oxidation in 
guinea-pig and rat kidney cortex of various sub- 
strates at a concentration of 0-0156M was tested 
by means of measurements of the O, uptake and 
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the bicarbonate formation; the results are sum- 
marized in Tables 3 and 4. It will be seen that 
butyric, crotonic, vinylacetic, B-hydroxybutyric, y- 
hydroxybutyric, and dl-xy-dihydroxybutyric acids 
are oxidized in guinea-pig and rat kidney cortex. 
These substrates considerably increase Qo, and 
QVric. above those of a control. trans-y-Hydroxy- 
crotonic acid is oxidized in rat kidney only. The 
following substrates are slowly oxidized in kidney 
slices of both species: dl-By-dihydroxybutyric acid, 
tetrolic, tetronic, and «-hydroxybutyrice acids. 
Vinylglycollic acid inhibits tissue respiration, and 
ric. Was found to be negative. The high rate of 
oxidation of y-hydroxybutyric, dl-xy-dihydroxy- 
butyric acid, and in rat kidney trans-y-hydroxy- 
crotonic acid, suggests that the hydroxyl group is 
oxidized with the formation of succinic, malic, and 
fumarie acids respectively. The recent observation 
by Lipmann & Perlmann [1942] that tetrolic acid 
is not attacked in kidney tissue is confirmed. 

A study was then made of the rates of oxidation 
in rat kidney of butyric and related acids by 
measurement of Qo, and Q,,;,... In further experi- 
ments, again using rat kidney, as it oxidizes butyric 
acid at a higher rate than guinea-pig kidney (see 
Table 3), the disappearance of crotonic and vinyl- 
acetic acids and the formation of unsaturated 
compounds during the oxidation of butyric acid 
and f-hydroxybutyric acid were measured. As 
shown in Table 5, the latter acid is oxidized at a 
slower rate than the former, confirming the obser- 
vation of Dakin [1922] on the behaviour of these 
substrates when administered to dogs. It seems 
unlikely, therefore, that B-hydroxybutyric acid can 
be an intermediate on the main pathway of the 
oxidation of butyric acid in rat kidney slices. It 
will be noted that vinylacetic acid was oxidized at 
a rate slightly higher than that of either butyric or 


Table 3. Oxidation of 4-carbon monocarboxylic acids in guinea-pig and rat kidney cortex 


Acid added as substrate 


(9-0156 M) Formula 
None as 
Butyric CH,.CH,.CH,.COOH 
Crotonic CH,.CH: CH.COOH 
Vinylacetic CH, : CH.CH,.COOH 
Tetrolic CH,.C :C.COOH 


a-Hydroxybutyric 
B-Hydroxybutyric 
y-Hydroxybutyric 
trans-y-Hydroxycrotonic 
dl-xy-Dihydroxybutyric 
dl-By-Dihydroxybutyric 
Tetronic CH,CO.CH,.CO 


k oO | 








Vinylglycollic 


CH,.CH,.CHOH.COOH 
CH,.CHOH.CH,.COOH 
CH,OH.CH,.CH,.COOH 
CH,OH.CH: CH.COOH 
CH,OH.CH,.CHOH.COOH 
CH,OH.CHOH.CH,.COOH 


CH, : CH.CHOH.COOH 


Kidney cortex from 








a cool a 
Guinea-pig Rat 
~ Cc -—n 
No. of No. of 
exps. Qbic. exps. Qbic. 

12 0-00-1-97 5 0-10-1-97 
4 1-53-2-19 5 3-46-6-70 
4 1-98-3-17 3 2-31-5-59 
+ 3-13-5-10 3 5-57-9-85 
2 0-40; 1-84 1 -0-9 
1 1-77 _ — 

3 3-22-4-30 2 4-44; 4-82 
a 2: ie 20 3 5-20-8-10 
2 1-21; 0-28 3 5-50-10-0 
3 2- 90'3. -78 3 5-70-9-90 

4 0- = - 10 1 1-4 
2 1-65; 2-43 1 -0-4 
3 — 0-35- — 2-60 1 -3-2 , 
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Table 4. Oxidation of 4-carbon monocarboxylic 
acids in kidney cortex 


Substrate added 


Exp. (0-0156 M) Qo, Qbic 
Guinea-pig 

1 None —14:3 + 03 
Butyrate — 22-8 + 1:57 
Crotonate — 22-3 + 1-98 
y-Hydroxybutyrate — 18-6 + 42 
trans-y-Hydroxycrotonate -18-4 + 1-2 
dl-By-Dihydroxybutyrate -17:3 + 3-1 
Vinylglycollate - 7:2 — 0-35 

2 None — 14-0 + 1-15 
y-Hydroxybutyrate — 16-6 + 4-05 
dl-xy-Dihydroxy butyrate -1435 + 3-78 

3 None -— 11-2 + 0-32 
Crotonate -17-7 + 2-06 
trans-y-Hydroxycrotonate -14-5 + 0-32 

4 None -14:3 + 0-32 
a-Hydroxybutyrate -17:3 + 1:77 
Tetronate — 14-8 + 1-65 

5 None —12-2 + 1-28 
Butyrate —19-4 + 2-19 
Tetrolate — 12-6 + 1-84 

6 None -14-6 + 0-75 
dl-By-Dihydroxybutyrate -14-9 + 1-08 
Vinylglycollate - 5:7 — 26 

7 None -— 12-1 + 1-67 
Vinylacetate — 22-1 + 3-13 
dl-xy-Dihydroxy butyrate — 16-7 + 2-83 

Rat 

8 None — 23-2 + 1-12 
Butyrate — 32-2 + 39 
a-Hydroxybutyrate — 22-6 _- 
y-Hydroxybutyrate — 27-7 + 8-15 
trans-y-Hydroxycrotonate -— 25-2 +10-0 
dl-xy-Dihydroxy butyrate —25-7 + 7-52 
dl-By-Dihydroxybutyrate — 25-9 + 1-4 
Tetrolate — 15-6 - 09 
Tetronate — 26-5 — 0-4 
Vinylglycollate — 58 - 3-2 

9 None — 18-8 + 1-97 
Butyrate — 29-4 + 3-46 
Crotonate - 21-3 + 2-31 
y-Hydroxybutyrate — 29-9 + 5-25 
trans-y-Hydroxycrotonate -24-6 + 9-05 
di-xy-Dihydroxybutyrate — 27-4 + 99 


crotonic acid. Crotonic acid was generally found to 
be oxidized in rat kidney at a lower rate than 
butyric acid (see also Exp. 9, Table 4). According 
to these results vinylacetic acid could possibly be 
an intermediate in the oxidation of butyric acid in 
rat kidnéy but this needs to be ascertained by 
further investigations. 

The rate of disappearance of double bonds in the 
presence of crotonic and vinylacetic acids is of the 
same order as the rate of bicarbonate formation 
from these acids (Tables 5 and 6). Butyric and 
B-hydroxybutyric acids yield an unsaturated com- 
pound, but as the method of estimating such com- 
pounds is not specific, no conclusions on the nature 
of the product formed can be drawn from this 
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observation. Under anaerobic conditions vinyl- 
acetic acid disappears in rat kidney; Lipmann & 
Perlmann [1942] found under similar conditions a 
disappearance of crotonic acid. : 
The amount of unsaturated compound found 
when butyric acid is oxidized in rat kidney does not 
increase after the first hour, so that Q, decreases, 
as shown in Table 7. As Jowett & Quastel [1935] 
have already shown, only small amounts of aceto- 
acetic acid are formed in rat kidney in the presence 
of butyric acid, and the unsaturated compound 
formed is therefore unlikely to be acetoacetic acid. 


Table 5. Rates of oxidation of butyric and 
related acids in rat kidney 


Substrate added 


No. (0-0156 M) Qo, Qhic. Qa 

1 None -22°8 +1-85 — 
Butyrate -265 +6-70 _ 
Crotonate -25:2 +5-49 — 
Vinylacetate -27-4 +9-85 — 
B-Hydroxybutyrate -28'8 +4-82 — 

2 None -21-2 +012 +0-12 
Butyrate -29-8 +515 +3-13 
Crotonate -26:0 +3:36 -3-54 
Vinylacetate -27-4 +557 -7-96 
(Vinylacetate; anaerobic — a+ — 2-89) 
B-Hydroxybutyrate -28-8 +444 +1-92 


Table 6. Oxidation of vinylacetic acid 
in rat kidney 


(705 pl. vinylacetic acid added. The results refer to the 
whole period of the experiment.) 





Dura- 
tion of | Without substrate With vinylacetate 
exp. — A ae ae . 
(br.) Qo, — Qbic. Qs Qo, Aric. Va 
1 —23-4 +1-88 +0-37 -29-1 +5-79 -6-30 
2 —22-2 +1:43 +015 -27-7 +5:10 -4-35 
4 —23-1 +1-80 +0-04 -27-7 +454 -5-45 


Table 7. Oxidation of butyric acid in rat kidney 


(The results refer to the whole period of the experiment.) 





Dura- With 0-0156M 
tion of | Without substrate butyrate 
exp. — —A— Y ¢ ohne \ 
(hr.) Qo, bie. Qa Qo, Abie. Qa 
1 -22-4 +039 +0-69 -32-6 +466 +6-0 
2 -— o = -27-6 +4-08 +1-92 
4 —20-4 +0-59 +0-26 -27:5 +3-39 +0-56 


Effect of malonate. 0-031M malonate inhibits the 
oxidation of all the substrates examined in guinea- 
pig and rat kidney (Table 8). A slight formation of 
bicarbonate in the presence of malonate was ob- 
served in rat kidney when trans-y-hydroxycrotonic 
acid was the substrate. The inhibition of the oxida- 
tion of butyric acid by malonate has already been 
reported by Jowett & Quastel [1935]. 
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Table 8. Effect of malonate on the oxidation of 
4-carbon monocarboxylic acids in kidney cortex 


Substrate 
Substrate +0-031M 
alone malonate 
Exp. Substrate added ——— -——"““—_- 
no. (0-0156 M) Qo, Qhic. Qo, Qbic. 
Guinea-pig 
1 None -145 00 -10-2 +1-1 
Butyrate -20:0 +2-1 -12:3 +09 
B-Hydroxybutyrate -18:3 +33 -12:0 +14 
y-Hydroxybutyrate -20-:0 +3-0 -110 +03 
2 None -11-4 +03 — — 
Crotonate -17-'7 +21 - 93 +03 
trans-y-Hydroxy- -146 +03 - 85 00 
crotonate 
dl-By-Dihydroxy- -13-7 +03 - 94 — 
butyrate 
3 None -12:9 +0-86 — = 
Tetronate -149 +243 -105 +0-41 
Tetrolate -13-0 +042 - 94 +0-22 
4 None —-143 +197 -106 +0-74 
Vinylacetate —22-8 +3-34 -12-1 +0-78 


y-Hydroxybutyrate -19-3 +359 -11-9 +1-27 
Rat 


5 None — -- - 7-1 -0-26 
y-Hydroxybutyrate -27-4 +6-9 - 72 -0-76 
dl-xy-Dihydroxy- -26-7 +5:7 - 85 +017 

butyrate 

6 None -18-8 +1:97 —- 84 -2-31 
Crotonate —21-3 +231 - 96 -1-53 
trans-y-Hydroxy- -246 +905 - 94 +1-97 

crotonate 


Table 9. Formation of B-ketonic acids from 
4-carbon monocarboxylic acids in liver tissue 


(3 ml. phosphaie saline; tissue; 0-0156M substrate; 
O,; 60 min.) 


= 
Substrate added Qo,  Vs-ket. acid 
Pes liver 
None - 10-5 +0-55 
Butyrate -11-1 +2-00 
Crotonate -11-8 +2-2 
a-Hydroxybutyrate — 13-1 0:00 
f£-Hydroxybutyrate — 12-3 +2-4 
y-Hydroxybutyrate — 15-2 +0-95 
trans-y-Hydroxycrotonate -11°8 +0-65 
dl-By-Dihydroxy butyrate — 13-0 +1-22 
Tetrolate -11-0 +0-85 
Tetronate -11-1 +0-61 
Vinylglycollate - 7-7 0-00 
~ liver 
None —10-7 +0-82 
Butyrate - 126 +2-87 
Crotonate —145 +5-58 
Vinylacetate - 146 +6-52 
dl-x«y-Dihydroxybutyrate — 13-5 +0-90 
dl-By-Dihydroxy butyrate - 13-4 + 2-16 
y-Hydroxybutyrate -—14-4 +0-82 
3 None — 10-8 +0-75 
Butyrate — 12-8 +2-47 
Crotonate - 13-2 +4-43 
Vinylacetate — 13-6 +5-00 


fB-Hydroxybutyrate -13-1 +6:15 
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Formation of B-ketonic acids from butyric and re- 
lated acids in liver. It is known that acetoacetic 
acid is formed in the liver from butyric, B-hydroxy- 
butyric [Embden, Salomon & Schmidt, 1906], and 
crotonic [Friedmann, 1908] acids. Lipmann & 
Perlmann [1942] have shown that tetrolic acid does 
not give rise to acetoacetic acid in rat liver. Astudy 
was made of the formation, in the liver tissue of 
starving pigeons and rats, of B-ketonic acids from 
certain 4-carbon monocarboxylic acids not hitherto 
examined (see Table 9). B-Ketonic acids are formed 
from butyric, crotonic, B-hydroxybutyric, viny]l- 
acetic, and, to a small extent, from dl-By-dihydroxy- 
butyric acids. None of the other substrates tested 
was appreciably ketogenic. 

In the rat liver vinylacetic acid readily gives 
rise to acetoacetic acid. Qaretoac. exceeded, in our 
experiments, that from butyric and crotonic acids, 
but was lower than that from f-hydroxybutyric 
acid. 

No f-ketonic acid is formed from vinylacetic or 
dl-By-dihydroxybutyric acid under anaerobic con- 
ditions (Table 10). 


Table 10. Formation of B-ketonic acids in starved 
rat liver under aerobic and anaerobic conditions 


0 

Substrate Sai sii eeede late N, 

(0-0156 M) Qo, Qp-xet. acid Qp-Ket. acid 
0 — 9-95 +0-86 0-00 
Crotonate -11-5 +3-08 0-42 
Vinylacetate -— 14-0 +5-85 0-15 
dl-By-Dihydroxy- — 125 +2-53 0-36 

butyrate 
DISCUSSION 


Blixenkrone-Moller [1938] found that B-hydroxy- 
butyric acid does not give rise to carbohydrate in 
the perfused liver of cats, whilst butyrate does, and 
concluded that $-hydroxybutyric acid is not an 
intermediate in the formation of carbohydrate from 
butyric acid. He therefore suggested that butyric 
acid is oxidized in animal tissue both at the 
B-carbon atom, yielding ketone bodies, and at the 
y-carbon atom, yielding succinic acid, which is then 
further oxidized. 

The results of our experiments suggest that 
B-hydroxybutyriec acid is not-an intermediate on 
the main pathway of the oxidation of butyric acid 
in rat kidney. It would appear therefore that the 
formation of ketone bodies represents an alter- 
native path in the oxidation of butyric acid in the 
animal. It is interesting to note, in view of 
Blixenkrone-Moller’s suggestion of y-oxidation of 
butyric acid, that y-hydroxybutyric acid is oxidized 
at a higher rate than butyric acid in both guinea-pig 
and rat kidney slices. ¢ 
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Under our experimental conditions, vinylacetic 
acid is oxidized in kidney slices at a higher rate than 
butyric acid. With vinylacetic acid a higher rate of 
f-ketonic acid formation than with butyric acid as 
substrate is also observed in starved rat liver. The 
compound thus shows physiological properties 
similar to those of butyric acid, and it seems 
possible that vinylacetic acid is an intermediate in 
the breakdown of butyric acid. 

In our experiments a £-ketonic acid is formed in 
liver tissue from starving animals, in the presence of 
dl-By-dihydroxybutyric acid. Tetronic acid, which 
would be expected to arise from the oxidation of 
the f-hydroxyl of dl-By-dihydroxybutyric acid, 
does not behave as a f-ketonic acid (it does not 
yield any CO, on treatment with aniline citrate: 
personal communication from Dr H. A. Krebs) and 
consequently it cannot be the £-ketonic acid formed 
in the presence of dl-By-dihydroxybutyric acid. 

The £-ketonic acid might be acetoacetic acid 
formed from substrates present in the liver tissue; 
such an effect would be similar to that observed 
when malonic acid is added to liver tissue [Jowett 
& Quastel, 1935]. dl-By-Dihydroxybutyric acid, 
however, increases Qo,» whilst malonate inhibits it. 
The possibility of the formation of acetoacetic acid 
from this substrate by dehydration seems unlikely 
in view of the observation that no f-ketonic acid is 
formed under anaerobic conditions from this sub- 
strate. On the other hand, it seems possible that a 
structural isomer of tetronic acid, hitherto unknown, 
may be formed, viz. the trans-isomer (I) of the 
enolic form of tetronic acid as opposed to the 
cis-isomer (lactone form, II): 





OH 
wee H i os 
are! bu, bo 
OH COOH ae oe 
I ia 


A. KLEINZELLER 


1943 


SUMMARY 


1. The oxidation, in kidney slices of well-fed 
guinea-pigs and rats, of the Na-salts of butyric, 
crotonic, vinylacetic, tetrolic, «-hydroxybutyric, 
B-hydroxybutyric, y-hydroxybutyric, trans-y-hy- 
droxycrotonic, dl-«y-dihydroxybutyric, dl-By-dihy- 
droxybutyric, tetronic, and vinylglycollic acids was 
studied by comparing the Qp, and the formation of 
bicarbonate in the presence of these substrates with 
that of a control experiment without substrate. Of 
the above substrates butyric, crotonic, vinylacetic, 
B-hydroxybutyric, y-hydroxybutyric, dl-xy-dihy- 
droxybutyric acids are rapidly oxidized in the 
kidney of both species. trans-y-Hydroxycrotonic 
acid is oxidized in rat kidney only. Vinylglycollic 
acid inhibits tissue respiration. «-Hydroxybutyric, 
tetrolic, dl-By-dihydroxybutyric and tetronic acids 
are not appreciably oxidized. 

2. From rates of bicarbonate formation in the 
presence of butyric, crotonic, vinylacetic, and p- 
hydroxybutyric acids in rat kidney slices, it is 
concluded that B-hydroxybutyric and crotonic acids 
are oxidized more slowly than is butyric acid. In 
the presence of vinylacetic acid Q,,,. is higher than 
it is in the presence of butyric acid. 

3. In rat kidney slices formation of an unsatu- 
rated compound in the presence of butyric and 
B-hydroxybutyric acids occurs under aerobic condi- 
tions. 

4. Under anaerobic conditions vinylacetic acid 
disappears in rat kidney slices. 

5. 0-031 M malonate inhibits, in the kidney of both 
species, the oxidation of all the substrates tested. 

6. Vinylacetic acid and dl-By-dihydroxybutyric 
acid are ketogenic in liver slices from starved 
pigeons and rats. 

7. It is suggested that vinylacetic acid may play 
a part in the intermediate metabolism of butyric 
acid in animal tissue. 


I am very grateful to Dr H. A. Krebs for his constant 
advice and criticism during this investigation. 
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Spectrographic Determination of Lead in Blood 


By A. TRACY anp J. McPHEAT, Medical Department, G. and J. Weir, Litd., Glasgow 


(Received 16 August 1943) 


Although application of spectrographic methods of 
analysis to the study of the physiology of the ‘trace 
elements’ has been made in this country by Sheldon 
& Ramage [1931] and by Kent & McCance [1941], 
little study has been devoted to trace elements 
from the aspect of industrial metallic poisoning. In 
America, Cholak [1935] described a spectrographic 
method for the analysis of lead in blood, using 
bismuth as the internal reference element. This 
paper describes a spectrographic method adopted 
in the investigation of suspected industrial lead 
poisoning, and some of the results obtained. 


METHODS 


General. All analytical material was collected and pre- 
pared for spectrographing with strict precautions to prevent 
contamination, by ensuring that, where possible, the vessels 
and reagents used were Pb-free. Loss of analytical material 
was eliminated by reducing the handling and chemical 
treatment of the samples to a minimum. 

Spectrograph. The large Hilger quartz spectrograph, 
which has a range of 1910-8000A., was used with the 


Table 1. Standard conditions for spectrograph 


Wave band 2700-4300 A. 

Slit width 0-015 mm. (fixed slit) 

Are gap 2 mm. 

Voltage 120 d.c. 

Amperage 5 

Upper electrode H.S. graphite pointed to 80° angle 


H.S. graphite 10 mm. diam. cut to 
form a crater to receive sample 


Lower electrode 


Exposure 1 min. 
Plate Ilford H. and D. 70 
Development: (a) 90 sec. at 19-5° 


(b) Fixed, acid hypo 15 min. 
(c) Washed running water 15 min. 
(d) Dried in current of warm air 


standard conditions outlined in Table 1. For the Pb in- 
vestigation the region 2700-4300 A. was employed. Identi- 
fication of the lines was achieved by use of the Judd Lewis 
Comparator, an instrument which permits of simultaneous 
microscopic examination of the test plate and of a standard 
plate showing the position of all the elements. The line 
densities of emission spectra are in direct ratio to molecular 
concentration in a sample of their elements of origin. By 
use of the Hilger non-recording microphotometer to measure 
the ratio of the line densities of different known quantities 
of Pb, and a constant amount of an internal reference 
element, a graph can be prepared which provides a means 
of measurement of the unknown amount of Pb in a sample. 

Standard of internal reference. In our earlier investiga- 
tions the bismuth line at 2898 A. was chosen as the internal 


reference line for measurement against the Pb line at 
2833 A., with satisfactory accuracy when checked by the 
addition of known quantities of Pb to duplicate samples of 
blood and synthetic ash. Investigation of subjects exposed 
to Bi of therapeutic origin confirmed our suspicions that 
Bi could be encountered normally in blood, and invalidated 
its use as a standard (PI. 1, fig. 1). 

After investigation of several elements, it was decided to 
use platinum as the internal reference element, since it 
fulfilled all the conditions required, and its line at 2830 A. 
is in a position of such proximity to that of Pb at 2833A. 
as is ideal for measurement (Fig. 1). After experiment it 
was found that the most satisfactory Pt solution to add to 
the ash specimens, following solution in aqua regia, was 
one containing 0-01 g./100 ml. H,SO,. We consider it worth 
while to draw attention to the use of Pt in the analysis of 
several other elements implicated in poisoning by heavy 
metals. By varying the amount of Pt used, and if necessary 
the exposure time and type of plate in accordance with the 
spectrographic sensitivity of the element under investiga- 
tion, Pt could be used as the internal reference element for 
the following metals: 


As 2860-5A. Ni 3002A. Cr 2986-4A. Au 2676A. 

Pt 2830A. Pt 2998 A. 3015 A. Pt 2702A. 
Pt 2988A. 

Th 2837 A. V 3063-7A. Mn 2798-3A.° Cd 2980A. 

Pt 2830A. Pt 3064-7A. Pt 2830A. Pt 2998A. 


With few exceptions all the above pairs of lines are those 
of raies ultimes. All the Pt lines are of high spectrographic 
intensity and are not overshadowed, which facilitates accu- 
rate measurement of line densities. Where the internal 
reference line is overshadowed by close juxtaposition of 
another element line, it may be difficult to be certain that 
the overshadowing line is not in part responsible for the 
deflexion on the galvanometer scale which is attributed to 
the internal reference line. Kent & McCance must have 
experienced this difficulty in their analysis of Au (2676-6 A.), 
with Mg (2795-5A.) as the internal reference line. Consul- 
tation of Harrison’s wave-length tables indicates a line of 
Fe at 2795-54A., ie. 0-01 A. difference. 

Standard ash. The standard material used for preparation 
of the graph was a synthetic ash which gave a main base 
spectrum similar to that of blood. Persistent traces of Pb 
were found in all the supposedly pure chemical reagents 
used, even after prolonged refining by chemical and electro- 
lytic methods. Spectrographic examination showed that 
the ash finally contained 1-2ug. Pb/100 g. 

To a number of samples of synthetic ash (0-05 g. the 
approximate weight of the ash of the blood samples used) 
different known amounts of Pb and a constant amount of 
Pt were added. The samples (duplicate) were then spectro- 
graphed. The curve from the mean of two sets of results 
was taken as the standard graph (Fig. 2). It is advisab}Je 
to use the logarithmic ratios of the line densities, as smooth 
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working curves are obtained (Fig. 2). Some of the results 
from a series of identical samples used to check the accuracy 
of the graph are shown in Table 2. Errors of more than 
+8yg./100 ml. of blood are exceptional, provided that the 
standard spectrographic conditions are strictly adhered to. 


Lead curve 
Pb: 2833 A 
Pi: 28304 








log ratio 




















0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 
pg. Pb/100 ml. 
Fig. 2. Lead curve. Relation of spectrographic line in- 
tensity ratios to quantity of Pb. Ordinates, log intensity 
Pb 2833 A./Pt 2830A.; abscissae, ug. Pb. 


Table 2. Recovery of added lead 


Pb Pb 
Ash added found = Error 
Material weight (ug./ (ug./ (ug./ 
analyzed (g.) 100 ml.) 100 ml.) 100 ml.) 
A. 5 ml. whole 0-0506 — 18 _— 
blood 
5 ml. whole 0-0522 40 60 +2 
blood and Pb 
B. Whole blood 0-0516 — 17 —_ 
Whole blood 0-0526 80 100 +3 
and Pb 
Standard ash 1+Pb _ 0-0500 50 48 -2 
Standard ash 2+Pb _ 0-0500 100 108 +8 
Standard ash 3+Pb _ 0-0500 120 116 -4 
Standard ash 4+Pb 0-0500 140 138 -2 


Treatment of samples. 5 ml. of blood, urine, etc., were 
collected, transferred to a Pb-free silica crucible and sul- 
phated by the addition of 3 ml. Pb-free H,SO,. The samples 
were then ashed in a dust-proof electric furnace by treat- 
ment at 110° for 12 hr., followed by 500° for 8 hr. 

The low Fe content of serum, urine and cerebrospinal 


fluid gives spectrographically what is known as a weak 


base spectrum, which would be a source of error in applying 
the blood Pb curve to their analysis, as was pointed out by 
Foster, Langstroth & McCrae [1935]. We therefore added 
0-02 g. of synthetic ash to samples of serum and urine; in 
this way their main base spectrum was intensified to re- 
semble that of the standard samples. Experiment showed 
that the results obtained with serum and urine were accu- 
rate to +10yg./100 ml. As yet we have not obtained 


sufficient quantities of cerebro-spinal fluid to check the 
application of the Pb curve; we assume that since its main 
base spectrum is similar to that of serum and urine, the 
error, when the synthetic ash additions are made, will be 
of the same magnitude. By this method it is possible to 
report results on 20 samples within 24 hr. after collection, 
with minimal use of chemical reagents and vessels. 
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RESULTS 


In a series of 80 normal.unexposed subjects we have 
found the mean concentration of Pb in the blood 
to be 40ug.; the results ranged from 5 to 120yg./ 
100 ml. of blood, and the majority fell between 
20 and 60yg. 

As was expected, those individuals who were 
exposed to the swallowing of metallic dusts, or 
inhalation of metal fumes, showed higher concen- 
trations than office workers and the like. In four 
office workers, for example, the mean concentration 
was l6yug., compared with 88g. in four metal 
workers. These latter findings are similar to those 
of Kehoe, Thamman & Cholak [1933a] and of 
Cholak & Bambach [1943]. 

The maximum normal concentration is the only 
thing that matters, since the concentration in an 
individual varies widely within normal limits from 
week to week. We have found, in sampling the same 
three individuals at intervals of four weeks, variations 
from 21-73yg., 150-53yg. and 43—-llyg. respec- 
tively. One of us (A.T.) has found a similar varia- 
tion in blood Pb concentration throughout the day. 
Although occupational exposure is mainly respon- 
sible for this variation in individual concentrations, 
the Pb content of the diet also contributes to it. 
From an analysis of foodstuffs we have found bread 
to contain 168 yg. of Pb/100 g., tea biscuit 216 yg./ 
100 g., sausage and cheese 85 and 43,yg./100g. 
Some of the Pb content of these foodstuffs originates 
no doubt in contamination from vessels. That the 
Pb content of the diet contributes materially to 
blood Pb concentrations, conflicts with the view 
that there is little or no alimentary absorption of 
Pb by reason of the insoluble nature of the Pb 
compounds formed during the process of digestion. 
The total Pb in the circulation is, however, small 
in amount, and absorption of very small quantities 
may suffice to cause what is physiologically a sub- 
stantial increase in its concentration in the blood. 
The following results (Table 3) show the effects on 
blood and urine concentrations of 12-5 grains lead 


Table 3. Effect of ingesting lead on the content 
of blood and urine 


pg. Pb/ pg. Pb/ 
100 ml. 100 ml. 
before after 
Subject ingestion _ ingestion 

Blood E. ll 250 
z. 14 155 
McE. 21 49 
B. 23 58 
Urine E. 5 107 
T. 3 72 
McE. 5 45 
B. 5 26 


(5 ml. samples of blood or urine were analyzed.) 
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Fig. 1. Blood spectrograms. 
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Variation in blood Pb content is evident from densities of Pb 2833A. in 3, 4 and 5. 7 and 8, mother and infant 
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acetate swallowed in the form of pills over three 
days by four subjects, who experienced no ill 
effects therefrona. 

The bladder was emptied } hr. before and the 
urine for test collected }$ hr. after the blood was 
drawn. This gave an indication of the rate of excre- 
tion for a given blood concentration. From these 
results it is clear that considerable elevation of the 
blood Pb is possible by absorption of small quan- 
tities of Pb from the intestine. 

Investigations on the blood of newly born infants 
shows that the Pb concentration approximates to 
that of the maternal blood. The investigation was 
carried out as follows. In the second stage of labour 
just before delivery 5 ml. of blood were withdrawn 
from the mother’s arm, and 5 ml. from the umbilical 
vein prior to severance of the cord. The samples 
were covered and treated as described for spectro- 
graphing (A, B, C, Table 4, Fig. 1). In another 


Table 4. Lead content of maternal and of infant 
blood, urine and milk 


Lead (ug. Pb/100 ml.) in 


Maternal Infant 
Subject Blood Milk Blood Urine 
A 54 —_ 57 -- 
B 43 a= 42 —_— 
C 34 —— 28 — 
D 46 32 71* 2 
E 22 8 37 q 
F 33 20 18 3 
G 35 5 25 — 


* Doubtful result: contamination probable. 


similar experiment, samples of the maternal milk 
and urine from the infant on the fifth day (D, E, 
F, G, Table 4, Fig. 1) were analyzed. 


DISCUSSION 


Some diversity of results has been reported for 
normal blood Pb concentrations by different 
workers. Blumberg & Scott [1935], by visual com- 
parison of the line densities, found the normal to 
vary from 5 to 100yug./100 ml.; a critical concentra- 
tion between 100 and 150yug. produced symptoms. 
Kehoe, Thamman & Cholak [1935], using Bi 2898 A. 
as the internal reference element, reported 58 yg./ 
100 ml. to be the mean concentration in a series of 
71 cases; this to us appears high. We agree with 
Blumberg & Scott that the maximum normal con- 
centration is 100ug./100 ml. and consider that, in 
cases of chronic exposure, the critical concentration 
is around 130yug./100 ml. of blood. Although we 
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agree with Tompsett & Anderson [1939], that the 
blood and urine Pb do not run parallel, it is evident 
that, in health, elevated blood concentrations are 
balanced by rapid excretion of the Pb absorbed. 
Our results further indicate that some control over 
diet and occupational exposure is necessary in the 
investigation of suspected Pb poisoning, and that 
errors in diagnosis may arise from single analyses. 
The Pb content of the diet, and occupational ex- 
posure, are, no doubt, accountable for some of the 
divergencies in results reported by different ob- 
servers. One other possible factor in the variation 
of results is the Pb transmitted from mother to 
foetus. The amount is surprising, as also are the 
facts that the infant appears to retain it, and that 
the Pb content of the milk is sufficient to maintain 
the infant’s original concentration. The results on 
human milk are higher than those reported by 
Kehoe et al. [19336]. This may possibly be attri- 
butable to differences in time of sampling and 
sensitivity of the analytical method used. The un- 
failing appearance of Pb in blood and tissue fluids, 
and its transmission to the foetus, raises the ques- 
tion as to whether Pb has a physiological function 
as yet undiscovered. The opportunities for such 
investigations are few and collection of the neces- 
sary samples considerably more difficult than might 
be thought. In spite of the use of Pb-free crucibles 
and test-tubes for direct collection of milk and 
infant urine, occasional minute contamination is 
inevitable. 


SUMMARY 


1. A spectrographic method of lead analysis in 
blood is described, using platinum as the internal 
reference element. 

2. Blood lead concentrations encountered in 80 
healthy subjects ranged from 5 to 120yg./100 ml. 
with a mean of 40yg./100 ml. and greatest fre- 
quency of from 40 to 60yug./100 ml. More than 
50 % of the results lie between 20 and 60g. 

3. Lead is transmitted to the foetus in amounts 
approximating to those of the maternal circula- 
tion. 

4. Lead is present in human milk and is very 
slowly excreted in infant urine. 


The authors are grateful to Dr D. McKay Hart, Maternity 
and Women’s Hospital, Rotten Row, Glasgow and to Dr 
J. Eaton, Victoria Infirmary, Glasgow, for their co-opera- 
tion and help in obtaining analytical material. To Mr 
J. Arnott, Weir Chemical Laboratory, they are also in- 
debted for his criticism and encouragement, and desire to 
express their thanks to Sir John Richmond, G. and J. Weir, 
Ltd., Cathcart, Glasgow, for his permission to publish this 
article. 





686 


A. TRACY AND J. McPHEAT 


1943 


REFERENCES 


Blumberg, H. & Scott, T. F. MeN. [1935]. Johns Hopk. 
Hosp. Bull. 56, 276. 
Cholak, J. [1935]. Industr. Engng Chem. (Anal. ed.), 7, 
287. 
& Bambach, K. [1943]. J. industr. Hyg. 25, 47. 
Foster, J., Langstroth, G. O. & McCrae, D. R. [1935]. 
Proc. roy. Soc. A, 153, 141. 


Kehoe, R. A., Thamman, F. & Cholak, J. [1933a]. J. 
industr. Hyg. 15, 306. - 
[19336]. J. industr. Hyg. 15, 302. 
—— —— [1935]. J. Amer. med. Ass. 104, 90. 
Kent, N. L. & McCance, R. A. [1941]. Biochem. J. 35, 837. 
Sheldon, J. H. & Ramage, H. [1931]. Biochem. J. 25, 1608, 
Tompsett, S. L. & Anderson, A. B. [1939]. Lancet, 1, 553. 


The Vitamin B-complex Requirements of Several Insects 


By G. FRAENKEL anp M. BLEWETT, Department of Zoology and Applied Entomology, 
Imperial College of Science and Technology, London, S.W.7 


(Received 6 September 1943) 


It has been shown by us [Fraenkel & Blewett, 
19436] that six insects, which normally feed on 
flour and other dried food, grow satisfactorily on a 
diet of casein 50, glucose 50, yeast 5, cholesterol 1, 
McCollum’s salt mixture 1, and water 15 parts, but 
entirely fail to grow when yeast is omitted. With 
the yeast replaced by yeast extract, the growth rate 
is considerably slower. No growth takes place if 
the diet contains a water-insoluble fraction alone 
in place of whole yeast. Previous work has indi- 
cated that insects require Several vitamins of the 
B-group; the position up to 1940 has been reviewed 
by Craig & Hoskins [1940] and Trager [1941]. The 
present paper deals with the growth factors required 
by insects which are contained in the water-soluble 
and in the water-insoluble fractions of yeast. Short 
accounts of some of the results have already ap- 
peared elsewhere [Fraenkel & Blewett, 1942 a, b; 
1943a, d]. 
EXPERIMENTAL 


The following beetles were used: Tribolium con- 
fusum Duv., Tenebrionidae; Silvanus (Crycaephilus) 
surinamensis L., Cucujidae; Sitodrepa panicea L., 
Anobiidae; Lasioderma serricorne Fab., Anobiidae; 
Ptinus tectus Boield., Ptinidae. 

The following preparations and substances were 
used to compound diets: 


Casein A/E, vitamin and fat free (Glaxo Laboratories 
Ltd.). Dried debittered brewer’s yeast (Glaxo Laboratories 
Ltd.). Yeast extract, prepared from fresh brewer's yeast 
according to Chick & Roscoe [1930]. ‘Insoluble yeast’: 
residue from preparation of yeast extract, after 10 succes- 
sive extractions with large volumes of boiling water. 

Aneurin hydrochloride (B,) (Glaxo Laboratories Ltd.), ribo- 
flavin (Glaxo Laboratories Ltd.), nicotinic acid (British Drug 
Houses Ltd.), pyridoxin (Glaxo Laboratories Ltd.), Ca- 
pantothenate (Glaxo Laboratories Ltd. and Roche Products 
Ltd.), choline chloride (British Drug Houses Ltd.), p-amino- 
benzoic acid (British Drug Houses Ltd.), i-inositol (British 
Drug Houses Ltd.), biotin methyl ester (Research Labora- 
tories, S.M.A. Corporation), and biotin (Prof. du Vigneaud). 

All the tests were performed in 2 x 1 in. specimen tubes. 
Each tube contained 2 g. of the dry diet and each diet was 


prepared in duplicate. Each test was performed with 
20 larvae, 10 in each tube. The tubes were kept in a room 
of which the temperature was automatically maintained 
at 25° and the relative humidity at 70%. The criteria for 
assessing results are rate of growth from the newly hatched 
larva until pupation (T'ribolium) or emergence of adult 
(other insects), and mortality. The methods of experi- 
menting and assessing results are fully described elsewhere 
[Fraenkel & Blewett, 1943 8, c]. 


Preparation of a diet deficient in riboflavin. Yeast 
extract was treated with norit charcoal (Hopkin 
and Williams, Ltd.) according to the method of 
El Sadr, Macrae & Work [1940]. The yeast extract 
was not previously autoclaved, but as a precaution 
aneurin HCl was added to the diet, which then con- 
sisted of casein 50, glucose 50, cholesterol 1, yeast 
charcoal filtrate 15, insoluble yeast 5, McCollum’s 
salt mixture 1 parts, aneurin HCl 50 yg./g. Ribo- 
flavin was added to the diet in graded doses and 
the results showing a graded response (Table 1) 


Table 1. Pupation of Tribolium on a diet deficient 
in riboflavin, with the addition of graded doses of 
riboflavin 

Spread in the 

Riboflavin No. of pupation period 
(ug./g. of diet) pupae (days) 
None . 11 60-113 
0-625 16 50- 74 
1-25 18 32- 43 
2-5 16 29- 39 
5-0 18 30- 39 
10-0 16 30-— 39 
50-0 20 28— 39 
Wholemeal flour (control) 19 27- 30 


confirmed those reported by Frébrich [1939], who 
grew Tribolium on a diet containing yeast extract 
which had been heated in an alkaline medium in 
order to destroy the riboflavin. 

Substitution of yeast extract by pure vitamins. As 
pure vitamins of the B-group became available, 
attempts were made to feed mixtures of pure vita- 
mins instead of yeast extract. Except in some 
earlier tests, wheat-germ oil was added to the diets 
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as a precaution against possible deficiencies of un- 
known fat-soluble factors. The vitamins were dis- 
solved separately in a small quantity of water and 
then mixed so that 0-1 ml. of the mixture contained 
the precise amount required for each tube. The diets 
used in subsequent tests are recorded in Table 2. 


Table 2. Diets used in the later series of experiments 


No. and composition of diet 
used in corresponding 
series of experiments 


oo ee ae 6 
Casein (parts) 50 50 50 50 50 50 
Glucose (parts) 50 50 50 50 50 50 
Cholesterol (parts) , ee Ie ee 1 1 
‘Insoluble yeast’ (parts) f. S- ae 5 5 
McCollum’s salt mixture ee E *b. T teed 2 
no. 185 (parts)* 
Wheat germ oil (mg./g.) — -— bb bb 6 
Water (parts) 515656 1 1 15 
Aneurin HCl 50 50 50 50 50 50 
Riboflavin 50 50 50 50 50 = 50 
Nicotinic acid 50 50 50 50 50 = 50 
Pyridoxin / 50 50 50 50 50 50 
Ca-pantothenate r HBS __ 50 50 50 50 50 
Choline chloride 50 50 50 50 500 500 
p-Aminobenzoic acid — — 50 50 50 50 
Inositol — — — 50 500 500 


* A modification of McCollum’s mixture no. 185. 


Formula in Gay [1938]. 
RESULTS 


Growth requirements of Tribolium confusum 


The results with Triboliwm confusum on different 
diets are recorded in Fig. 1. It is seen that addition 


Tribolium 








1 
a,b, 6.4.6 (SORE) T7sap 


pupae 
60 





Days 

Fig. 1. Growth of Triboliwm confusum on a diet of casein, 
glucose, cholesterol, ‘insoluble yeast’, salts and water, to 
which vitamins of the B-complex have been added in 
various combinations. Numbers on the curves refer to 
number of diet in Table 2. a@=aneurin, 6=riboflavin, 
c=nicotinic acid, d=pyridoxin, e=pantothenic acid, 
f=p-aminobenzoic acid, g =choline chloride, h = inositol. 
Quantities of vitamins given/g. of the dry diet. 


of pantothenic acid in series 2 greatly improved the 
diet. In the third series p-aminobenzoic acid and 
wheat-germ oil, and in the fourth series inositol 
were added, again noticeably improving the diet. 
In view of the large amounts of inositol and choline 
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required by vertebrates, these substances were 
given in amounts 10 times as large as those of the 
other vitamins in the fifth series. The full diet 
(Fig. 1, curve 5a) was now much better than the 
corresponding one of series 3 (curve 3), but still 
inferior to the control. With the quantities of each 
vitamin halved, the diet was not affected, probably 
indicating that the quantities were sufficient and 
also not large enough to cause toxic symptoms. 
Addition of more ‘insoluble yeast’ (15 % instead of 
5%) improved the diet somewhat, but a greater 
improvement was achieved by adding 1% whole 
yeast. It is unlikely that this improvement was 
due to the supply of additional undetermined essen- 
tial B-factors, because the same kind of improve- 
ment was obtained by approximately trebling the 
amount of salt mixture (cf. curve 5 a and b, Fig. 1). 
The diet now became virtually as effective as 
wholemeal flour. It therefore appeared that any 
missing factor supplied by 1% yeast was a mineral. 

A sixth diet was devised for Tribolium which 
contained twice as much salts as previously and it 
was compared with diets in which one of the vita- 
mins was omitted at a time (Fig. 1, curve 6; Fig. 2). 
This diet proved of the same value as a diet which 
contained aqueous yeast extract in place of pure 
vitamins. In this series, but not in series 5, the diet 
was slightly inferior to wholemeal flour, but this 
difference is probably not significant. Without ribo- 
flavin, nicotinic acid, or pantothenic acid the diet 


d=No inositol 










os a=Wholemeal 
20 neuer e b=All vitamins * e=No chlorine chloride 
a» ‘f c=Y.E.+ insoluble yeast S=No p-amino-benzoic acid 
15 No riboflavin 86-132 days, 3 pupae 
g No nicotinic acid 114 days, 1 pupa 
& 10 ¥y No pantothenic acid__No pupae 132 days. 
= y 17 pupae 


Y.E.= Yeast extract 


0 
Re-S3:+ 2 €£ D2 S&S 64 G6 BR GS @ 
Days 
Fig. 2. Tribolium confusum. Growth on diet 6 (Table 2), 
compared with similar diets from which single vitamins 
have been left out one at a time. 


became ineffective; without pyridoxin growth be- 
came slower, and still more so without aneurin. 
Omission of p-aminobenzoic acid or choline chloride 
produced a noticeable delaying effect, while absence 
of inositol impaired the efficiency of the diet only 
very slightly (Fig. 2). 

All these diets contained a possible source of 
vitamins in the ‘insoluble yeast’ fraction which 
might have retained significant amounts of some 
factors even after prolonged extraction. Meanwhile 
the missing factor in ‘insoluble yeast’ had been 
found to be biotin (p. 689). It then became possible 
to perform, simultaneously with the tests of series 6, 
a parallel series in which ‘insoluble yeast’ was rey 

44-2 
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placed by biotin (0-1 yg./g.) [Fraenkel & Blewett, 
1943a, Fig. 3]. The results of these two series, one 
containing ‘insoluble yeast’ and the other biotin, 
were virtually identical, with three exceptions. In 
the biotin series absence of inositol delayed growth 
significantly, whereas absence of p-aminobenzoic 
acid had no effect. A more serious discrepancy 
applied to diets without pantothenic acid. These 
were totally inefficient in the ‘insoluble yeast’ 
series, but not quite so deficient in the biotin series, 
where 13 out of 20 larvae completed development, 
although at a greatly reduced rate. This discrepancy 
cannot at present be explained. It appears from a 
comparison of these two sets of tests that no signi- 
ficant amounts of vitamins could have been added 
to diets with 5% ‘insoluble yeast’. Inositol is the 
only factor where the slight discrepancy in the 
results may, possibly, be due to retention of inositol 
in ‘insoluble yeast’. An aneurin determination on 
our ‘insoluble yeast’ made by Dr Y. L. Wang 
(Cambridge) showed below 0-lyg./g., a quantity 
too small to have any effect. 


Growth requirements of other insects 


Concurrently with the tests of diet 6 performed 
with Tribolium, the diets which contained ‘insoluble 
yeast’ were also tested with four other beetles. The 
results are summarized in Table 3. 
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The complete diet was as good, if not better, than 
the controls which contained yeast extract as a 
source of B-vitamins. Omission of inositol or 
p-aminobenzoic acid produced a slight, but possibly 
significant delay in growth. Absence of choline had 
a very pronounced delaying effect (Fig. 3), much 
greater than with T'’ribolium. Absence of the other 
vitamins had an effect similar to that described for 
Tribolium. 

Lasioderma serricorne gave results quite different 
from Tribolium and Ptinus. Absence of riboflavin, 
nicotinic acid, p-aminobenzoic acid or inositol 
seemed to have no effect. Absence of aneurin, 
pyridoxin or pantothenic acid delayed development 
considerably, but to a much slighter extent than 
was the case with T'ribolium and Ptinus. Absence 
of choline chloride had a very pronounced delaying 
action (Table 3, and Fraenkel & Blewett [1943a, 
Fig. 2)). 

Sitodrepa panicea also gave results different from 
Tribolium and Ptinus, and from Lasioderma. The 
growth rate on the complete diet was considerably 
inferior to that of the control, where yeast extract 
was given instead of pure B-vitamins. Absence of 
nicotinic acid, inositol, choline chloride or p-amino- 
benzoic acid greatly affected the efficiency of the 
diet, which became totally inefficient only in the 
absence of aneurin (Table 3,.and Fraenkel & 
Blewett [1944, Fig. 4]). 


Table 3. The effect on the growth of various Coleoptera larvae of the omission from the diet (Table 2, no. 6) 
of different members of the B-group of vitamins 














Tribolium Ptinus 
Description Growth Growth 
of diet rate Days Nos. rate Days Nos. 

Wholemeal flour 114 27- 29 19 85 57-67 16 
Yeast extract +‘in- 100 29- 36 18 100 47-58 18 

soluble yeast’ 
Allvitamins(Table2, 100 29-37 18 104 47-60 18 

no. 6) 
No aneurin 42 55-132 17 70 70-79 2 
No riboflavin 31 86-132 3 oo — 0 
No nicotinic acid 27 114 1 66 79 1 
No pyridoxin 70 37-53 16 63 69-90 13 
No pantothenic acid 0 —_— 0 70 69-77 2 
No choline chloride 88 31-40 19 74 64-83 14 
No inositol 97 29-38 17 98 48-58 17 
No p-aminobenzoic acid 86 30- 40 18 98 52-60 18 


Silvanus Lasioderma Sitodrepa 
eres “EF aes A a “> 
Growth Growth Growth 
rate Days Nos. rate Days Nos. rate Days Nos. 
115 25-29 15 94 35-39 20 97 37-41 17 
100 27-35 16 100 34-39 19 100 37-39 15 
94 27-36 16 92 3441 19 90 38-45 13 
97 27-36 16 81 41-47 18 45 74-94 4 
94 30-46 9 97 34-41 18 88 41-49 9 
78 «651 1 97 34-39 18 93 40-47 12 
91 31-41 16 87 36-48 17 84 43-47 14 
103(?) 30 1 87 36-41 8 93 39-49 5 
89 32-36 16 74 43-61 14 90 38-51 12 
91 29-37 15 97 3441 18 90 41-45 13 
94 30-41 14 97 3441 18 90 39-47 14 





The growth rate (col. 1, under appropriate insect heading) is calculated as a reciprocal of the period in which half the 
number of insects completed their development and is expressed as a percentage of the controls. The period of develop- 
ment (col. 2) records the spread in the larval period (Tribolium) or larval plus pupal period (other insects). Col. 3 records 
the number, out of 20, completing development. The ‘all vitamins’ diet was that recorded in Table 2, no. 6. The relative 
growth rates of T'ribolium and the other insects are not strictly comparable because they are based with T'ribolium on the 
larval period only and with the other insects on the larval plus pupal period. Length of the pupal period of the insects 


in question is approximately 10 days. 


Ptinus tectus [Fraenkel & Blewett, 1943a, Fig. 1] 
in the absence of single B-factors gave results 
almost identical with those described for T'ribolium. 


Silvanus surinamensis sometimes gave erratic 
results which could not be attributed to dietary 
factors. In the absence of aneurin, pyridoxin, 
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choline chloride, inositol or p-aminobenzoic acid, 
growth was not impaired. Absence of riboflavin 
caused high mortality and considerable delay in 
growth, and without nicotinic acid or pantothenic 
acid hardly any growth took place. 


Effects of choline, inositol and p-aminobenzoic acid 


To obtain a clear indication as to the nutritional 
importance of choline, inositol and p-aminobenzoic 
acid, a series of tests was devised for Tridolium and 
Ptinus, in which the diets contained these sub- 
stances in various combinations. Diet no. 6, Table 2, 
was used. With Tribolium no difference was found 
in the efficiency of diets containing all the vitamins 
compared with diets lacking either inositol, or 
p-aminobenzoic acid, or both. Without choline 
chloride, the diet became considerably inferior, 
much more so than in the corresponding tests of 
Fig. 2. Pupation started after 37 days, as compared 
with 30 days on the*‘all vitamins’ diet. Omission of 
inositol + choline, or p-aminobenzoic acid + choline 
or of all three substances had no effect beyond that 
shown by the absence of choline. 

With Ptinus the result was somewhat different 






(Fig. 3). Omission of inositol, or p-aminobenzoic 
a=All vitamins Prinus 
b=No p-amino-benzoic acid 
20 c=No inositol 
d=No inositol or p-amino-benzoic 
acid 
; e = Yeast extract + insoluble yeast 
5 € _f'=Nocholine chloride or p-amino- 
benzoic acid 
&=No choline chloride 


h=No choline chloride or inositol 
i =No choline chloride, inositol, or 


Adults 





4 50 55 60 65 70 75 80 85 
Days 


Fig. 3. Ptinus tectus. Explanations as for Fig. 2. 


acid singly had a slight, but possibly not significant 
delaying effect, while a cumulative effect of the 
absence of both these substances became manifest. 
Without choline chloride, the diet became very 
inefficient. Omission of p-aminobenzoic acid+ 
choline had no further effect, but without choline 
+inositol the diet was inferior to the ‘no choline’ 
diet. From these tests it appears that inositol is of 
some nutritional value for Ptinus. 


Biotin as an insect growth factor 


In the experiments so far described, with one 
exception (p. 688), the diets contained the in- 
soluble fraction of yeast. Earlier experiments 


[Fraenkel & Blewett, 19436] had shown that the 
water-soluble fraction of yeast was not fully equi- 
valent to whole yeast, but had to be supplemented 
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by the insoluble fraction, which was eventually 
found to be effective because it supplied biotin. 
The initial steps in the analysis which led to the 
recognition of biotin as the missing factor are 
described elsewhere [Fraenkel & Blewett, 1942a]. 
The result of a test with crystalline biotin methyl 
ester (25 yg. dissolved in 1 ml. of ethanol) is given 
in Fig. 4. The solution was taken up in a I ml. 


Tribolium confusum 





Days 


Fig. 4. Growth of Tribolium confusum on the yeast extract 
diet with the addition of graded quantities of biotin 
methyl ester. 


hypodermic syringe and the quantities required 
were pipetted through the needle into the diets. 
The yeast extract diet was greatly improved by 
adding biotin methyl ester in quantities corre- 
sponding to 0-25 and 0-0625 ywg./g. dry diet. In 
larger quantities biotin had a toxic effect. Quan- 
tities lower than 0-0625 yg./g. were not tested in 
this series. This very small dose produced an 
optimal effect which at first suggested that the 
optimal dose might be lower still. The toxic effects 
of larger quantities were not due to insufficient 
removal of the alcohol. 

The experiment recorded in Fig. 4 was subse- 
quently repeated with pure biotin in place of the 
methyl ester (Fig. 5). Growth was appreciably 


Tribolium 









Pupae 
Ss 






—" Yeast extract 


+ insoluble yeast 





uv 


27 30 35 40 45 
Days 
Fig. 5. Growth of Tribolium confusum on the yeast extract 
diet with the addition of graded quantities of biotin. 


faster on the yeast extract diet without biotin than 
it had been on the former occasion. This is con- 
sidered to be due to traces of biotin in the yeast 
extract of the Fig. 5 series. The optimum concen- 
tration of biotin was reached with 0-1 ug./g. dry 
food, 0-05 p»g./g. being almost as efficient. Larger 
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quantities again appeared to be toxic, while lower 
quantities show a graded decreasing response with 
the threshold at the very low quantity of between 
0-003 and 0-006 ug./g. This does not exclude the 
possibility that an optimal effect would have been 
shown with 0-1 yg. biotin methyl ester. 

The difficulty of standardizing the yeast extract 
and getting consistent results made it desirable to 
construct a biotin-free diet which contained the 
vitamins of the B-complex as pure substances, 
instead of in yeast extract. The results of this series 
are given on p. 688 [ef. also Fraenkel & Blewett, 
1943a, Fig. 3]. This diet, containing no yeast frac- 
tions, but 0-1 ug. biotin/g. of dry diet, is clearly as 
efficient as a diet which contains insoluble yeast as 
a source of biotin. Leaving out wheat-germ oil did 
not alter the efficiency of the diet, but without 
biotin growth became much slower and the effi- 
ciency of the biotin-free diet was about that of a 
typical yeast extract diet without biotin. The re- 
sults of these tests showed that for Tribolium 
biotin is the only factor missing in a diet which 
contains yeast extract and no ‘insoluble yeast’. 
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exception of Silvanus, omission of ‘insoluble yeast’ 
causes the diet to become deficient, and that the 
deficiency is made good by adding biotin. 

A few tests were performed with the diamino- 
carboxylic acid which results: from hydrolysis of 
the urea ring of biotin [du Vigneaud, 1942] and is 
capable of. stimulating the growth of yeast in a 
biotin-free medium, exhibiting about 10% of the 
activity of biotin [du Vigneaud, Dittmer, Hoffmann 
& Melville, 1942]. For T'ribolium, a biotin-free diet 
was considerably improved by the addition of 2:5 
or 5°25 ug./g. of this diaminocarboxylic acid, but 
still remained considerably inferior to the same diet 
with biotin (0-1 yg./g.) added. 1 ug./g. or less of the 


diaminocarboxylic acid in the diet had no effect — 


whatsoever (Fig. 6). These tests show clearly that 
biotin diaminocarboxylic acid has some effect in 
replacing biotin for T'ribolium, but that, as with 
yeast, its activity is considerably less than that of 
biotin. This lesser activity cannot be compensated 
by using larger doses, because of a toxic effect. 
All the tests so far described used diets con- 
taining glucose. On a yeast extract diet containing 


Table 4. Medium growth rate, period of development and number of pupae (Tribolium) or adults 
(other insects) formed, in the presence or absence of insoluble yeast or biotin 


(Explanation as for Table 3.) 


Tribolium Ptinus 
OTF 

Diet Growth Growth 

includes rate Days Nos. rate Days Nos. 
Yeast extract + 100 29-36 18 100 47-58 18 
‘insoluble yeast’ 
Yeast extract + 107 28-32 19 92 54-70 16 
biotin 
Yeast extractalone 80 32-46 19 83 56-70 15 
Concurrently with these tests with Tribolium, 


corresponding tests were performed with four other 
beetles. The results are summarized in Table 4. It 


Tribolium 


Pupae 


Fig. 6. Growth of Tribolium confusum on diets consisting of 





Silvanus Lasioderma Sitodrepa 
Growth Growth Growth 
rate Days Nos. rate Days Nos. rate Days Nos. 
100 27-35 16 100 34-39 19 100 37-41 17 
95 28-35 16 92 26-39 17 100 37-39 15 
95 29-36 14 69 41-64 14 91 39-51 13 


starch instead of glucose, Tribolium grew much 
better than in the diet containing glucose: The 
starch diet was almost as efficient as if it had 
contained ‘insoluble yeast’. The effect was traced 
to the fact that even purified starch contained 
enough biotin to allow almost optimal growth of 
Tribolium. 


DISCUSSION 


A comparison of the effects of the absence of 
single B-vitamins on the different insects is given 
in Table 3. The most striking result is the 
difference in the nutritional requirements of 
Tribolium and Ptinus on the one hand, and 
Silvanus, Lasioderma and Sitodrepa on the other. 


casein, glucose, cholesterol, salts, the eight members of the 
vitamin B-complex listed in Table-2, and in the presence 
or absence of biotin, or of graded amounts of ‘biotin’ 
diaminocarboxylic acid. 


The vitamin requirements of Tribolium and 
Ptinus are similar to those of the rat, dog and 
chick. Broadly speaking, aneurin, riboflavin, 
nicotinic acid, pyridoxin and pantothenic acid 
are indispensable; in their absence growth is greatly 


is clear [cf. also Fraenkel & Blewett, 1943), Figs. 
affected. Choline and biotin are of somewhat lesser, 


7-11 and Table 2] that for all the insects, with the 
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but still great importance, whereas inositol and 
p-aminobenzoic acid are of minor or perhaps no 
importance. With the other insects, the above- 
mentioned ‘indispensable’ vitamins seem to be less 
important, although their requirements proved 
very different in detail. 

These two groups of insects differ in one important 
anatomical and physiological feature. Lasioderma, 
Sitodrepa and Silvanus belong to the large group 
of insects which contain intracellular symbionts 
[Buchner, 1930; Koch, 1933 a, 6; 1936]. The latter 
seem to be absent with Tribolium and Ptinus. 
From the distribution of intracellular symbioses in 
insects several authors have considered their func- 
tion to be provision of accessory food substances: 
Wigglesworth [1929], Buchner [1930], Aschner 
[1931], and Koch [1933 a, b] produced evidence in 
support of this suggestion for Sitodrepa panicea. 
This insect when freed of its symbionts will not 
grow on ‘Erbswurst’, an otherwise satisfactory 
food, but will grow on ‘Erbswurst’ plus 25 % yeast. 
Our results reported in this paper strongly support 
the view that intracellular symbionts are sources of 
vitamins. In their absence, with Tribolium and 
Ptinus, the ‘indispensable’ vitamins are necessary ; 
in their presence Lasioderma grows weli without 
any of them, Silvanus can do without aneurin and 
pyridoxin and Sitodrepa without nicotinic acid, 
pyridoxin and riboflavin. More recent experiments 
have shown that Sitodrepa and Lasioderma, when 
grown in the absence of symbionts, have vitamin 
requirements which are much more exacting than 
those of the normal larvae and resemble in every 
respect those of Ptinus and Tribolium [Fraenkel & 
Blewett, 1943d; 1944]. But even with Triboliwm 
and Ptinus, in the absence of some of the ‘indis- 
pensable’ vitamins some growth takes place, and 
this may be due to partial intestinal synthesis. 
A parallel case is the synthesis of aneurin, ribo- 
flavin, nicotinic acid, pyridoxin, pantothenic-acid 
and biotin by micro-organisms in the stomach of 
ruminants [Wegner, Booth, Elvehjem & Hart, 1941; 
McElroy & Goss, 1941]. Intestinal synthesis of 
biotin in the rat has been demonstrated by Nielsen 
& Elvehjem [1942] and by Daft, Ashburn & Sebrell 
[1942], who produced symptoms of a deficiency, 
curable with biotin, by feeding rats with the 
bactericidal drugs sulphanilylguanidine and succinyl! 
sulphathiazole. 

Insects require essentially the same factors of 
the vitamin B-complex as rats, chicks and micro- 
organisms. Drosophila requires aneurin, riboflavin 
[van t’ Hoog, 1935, 1936], nicotinic acid, pyridoxin 
and pantothenic acid [Tatum, 1939, 1941]; mos- 
quitoes require the same substances [Trager & 
Subbarow, 1938; Subbarow & Trager, 1940]; T'ri- 
bolium requires aneurin, riboflavin [Frébrich, 1939; 
Offhaus, 1939], and nicotinic acid [Barton-Wright, 
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1941]; Galleria requires nicotinic acid [Rubinshtein 
& Shekun, 1941]. In none of these cases did the 
insects grow satisfactorily without the further ad- 
dition of yeast or yeast fractions. Insects have also 
been shown to require for optimal growth in addi- 
tion to yeast the water-insoluble fraction of yeast 
(Hobson [1933] for blowfly larvae, Frébrich [1939] 
for Tribolium, and Tatum [1939, 1941] for the 
Drosophila larva). The need of T'ribolium for biotin 
[Fraenkel & Blewett, 19426] has been confirmed by 
Rosenthal & Reichstein [1942]. 

The need of certain insects for choline chloride 
now appears clear. In tests with Tribolium, omis- 
sion of choline definitely decreases the efficiency of 
the diet. The need for choline was still more marked 
in experiments with Ptinus (Fig. 3) and most 
strikingly demonstrated with Lasioderma [Fraenkel 
& Blewett, 1943a, Fig. 2], in which choline seems 
to be the most important of the B-vitamins. With 
inositol and p-aminobenzoic acid the position is less 
clear and the results are conflicting, a position 
which closely resembles that experienced with 
vertebrates [Gyoérgy, 1942]. 

For Tribolium a diet without any yeast,-but with 
the water-soluble B-vitamins and biotin in pure 
substance, with cholesterol and without wheat- 
germ oil, is in every respect as good as one with 
yeast or yeast fractions. This would appear to show 
that no further factors are required. Ptinus, Sito- 
drepa and Lasioderma also grow about equally fast 
with either insoluble yeast or biotin. All the insects, 
with the exception of Sitodrepa, grow as well on 
mixtures of pure B-vitamins as on yeast extract. 
Taking all the evidence together, biotin and sterols 
seem to be the only water-insoluble factors in yeast 
which are required by the insects in question. Also 
they do not seem to require any B-vitamins in 
addition to those already discovered (exception, 
Sitodrepa). 


SUMMARY 


1. Five insect species have been grown on an 
artificial diet which contains all the chemically 
identified members of the vitamin B-complex in 
pure form. For Tribolium and Ptinus, aneurin, 
riboflavin, nicotinic acid, pyridoxin and pantothenic 
acid are essential vitamins; choline chloride is 
certainly, and inositol and p-aminobenzoic acid are 
possibly, of importance as growth factors. 

2. Lasioderma, Sitodrepa and Silvanus do not 
seem to require some of the vitamins which are 
indispensable for Tribolium and Ptinus. This differ- 
ence in the vitamin requirements is due to the 
presence in Lasioderma, Sitodrepa and Silvanus of 
intracellular symbiotic micro-organisms, which syn- 
thesize some of the vitamins. 

3. When bred.on a diet of casein, glucose, chole- 
sterol, salts and aqueous yeast extract, insgcts 
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contained in the water-insoluble residue of yeast, 
which was found to be biotin. 

4. The optimal requirements of biotin for Tri- 
bolium are approximately 0-1 yg./g. of the dry diet, 
and the threshold of action is between 0-003 and 
0-006 yg./g. 

5. The insects tested do not appear to require 
any water-insoluble factor present in yeast in addi- 
tion to a sterol and biotin. 

6. The insects used, with the exception of Sito- 
drepa, grow on a mixture of pure B-vitamins as well 
as on yeast extract. It is concluded that these 
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require, in addition, for optimal growth a substance 





insects do not require B-vitamins beyond those 
already isolated. 
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The Sterol Requirements of Several Insects 


By G. FRAENKEL anp M. BLEWETT, Department of Zoology and Applied Entomology, 
Imperial College of Science and Technology, London, S.W.7 


(Received 6 September 1943) 


It has been shown [Fraenkel & Blewett, 1943a] 
that six insects which normally feed on flour and 
other stored food grow satisfactorily on a diet of 
casein 50, glucose or starch 50, yeast 5, cholesterol 1, 
salts 1 and water 15 parts. Without cholesterol, 
growth became slightly (T'’ribolium, Silvanus, Lasio- 
derma), appreciably (Ptinus) or severely (Sitodrepa, 
Ephestia) impaired (Table 2(1)). If the diet con- 


tains aqueous yeast extract in place of yeast to- 
gether with cholesterol, all the insects develop, 
though at a reduced rate resulting from a deficiency 
of biotin. Without cholesterol the diet becomes 
entirely or almost entirely inefficient for all the 
insects tested (Table 2 (3) and Fraenkel & Blewett 
[1943a]). In the present work the specificity of the 
sterol requirements of these insects is investigated. 
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EXPERIMENTAL 


A convenient method of preparing a sterol-deficient 
diet is Soxhlet extraction of wholemeal flour with 
chloroform for at least 10 hr. Extraction with ether 
(Soxhlet) proved unsuccessful in removing the 
sterols sufficiently. Addition of various sterols fully 
restored the nutritional qualities of the flour. This 
effect was used as a means of comparing the nutri- 
tional values of sterols and sterol derivatives. In 
addition to the insects enumerated by Fraenkel & 
Blewett [1943b, p. 686], the flour moth Ephestia 
kuehniella Zell. was also used. The methods of 
experimenting and assessing results are fully de- 
scribed elsewhere [Fraenkel & Blewett, 1943 a, c]. 

The following sterols and sterol derivatives were 
used : 


Cholesterol, sitosterol, ergosterol, calciferol, 7-ketochole- 
steryl acetate, 7-hydroxycholesterol, 7-hydroxycholesteryl 
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dibenzoate, 7-dehydrocholesteryl monobenzoate, 7-de- 
hydrocholesterol, cholestanol free from cholesterol (Glaxo 
Laboratories Ltd.). 

Cholesterol purified via the dibromide, cholestanol (di- 
hydrocholesterol), zymosterol, A®>-cholestene, cholesteryl 
acetate (Prof. I. M. Heilbron and Dr E. R. H. Jones). 


RESULTS 


On wholemeal fiour extracted with chloroform, 
Sitodrepa and Ephestia did not grow at all, Ptinus 
grew very slowly with only very few insects com- 
pleting development, while Tribolium, Lasioderma 
and Silvanus grew somewhat better but still at a 
greatly reduced rate. Adding a few drops of the 
chloroform extract to extracted flour restored it 
to almost its original efficiency. Wheat-germ oil 
(Vitamins Ltd.) restored extracted flour to its full 
nutritional value for Tribolium and Ephestia and 
was more efficient than the chloroform extract 
(Table 1 and Figs. 1, 2). 


Table 1. Growth on flour extracted with chloroform and with the addition of the extracted material 
or a number of sterols or sterol derivatives 


Growth 


OO ww. oes. 


With basal 


diet of 
With basal diet of CHCI,-extracted wholemeal flour, of yeast and 
— fructose, of 
Addition to basal diet Tribolium Lasioderma Silvanus Ptinus Sitodrepa Ephestia Dermestes 
None + fe 6. 4: = = = 
Chloroform extract t++ttt t++t+ F+4+4+4+ +++ +++ ++ + = 
Wheat-germ oil it et 2 ? ‘f-be 6 4 
Cholesterol t+ttt F+et+ Fett +F+tt+ ++4+4+ +++ ++++ 
Sitosterol tHE $F +t +++ +++ +++ +++ - 
Ergosterol EEE EHEEH -F4++ Fttt +444 ce = 
Cholestanol ++ (+) ab ah 2s cect Pee + oa 
A®-Cholestene + ¢+) : 3 ; BS = oi 
Zymosterol + (+) eee oe + (+) ~ ws E 
Calciferol a 1 att. = = = “ 
7-Dehydrocholesterol Peek EEE £HEES £+4+4+ $444 pip + oe Be he he 
Cholesteryl-acetate ++++ ‘ ‘ ++4++ +++ ++++ 
7-Hydroxycholesterol + - - - 
7-Dehydrocholesteryl monobenzoate ++ - - ++++ 
7-Hydroxycholesteryl dibenzoate oh - - - 


7-Ketocholesteryl acetate 


The + and - signs give a rough quantitative estimate of the relative efficiency of diets. Explanation of the symbols 


in Fraenkel & Blewett [1943a]. 


Extracted flour 





E a= +wheat germ oil d=+ ergosterol 
20 Tribolium 4 4sitosterol e=+cholesterol 
ff c=+cholesteryl acetate _f =4dehydrocholesterol 
OQ 
s 
a 
5 
= 
Extracted flour 
Hydroxycholestery! dibens0S0e — 
0 4 50 55 6 65 7 75 80 
Days 
Fig. 1. 













Ephestia kuehniella 


Extracted flour 

a= +chloroform extract 
b=+dehydrocholesterol 
¢=+cholesteryl acetate 
d= +sitosterol 

e= +cholesterol 


ycholestanol 


Extracted flour, no moths 


wo 





0 
40 45 50 55 60 65 70 75 80 
Days 
Fig. 2. 


Fig. 1. Tribolium confusum. Growth on wholemeal flour extracted with chloroform, and on extracted flour with the 
addition of wheat-germ oil, sterols or sterol derivatives. 


Fig. 2. Ephestia kuehniella. Explanation as for Fig. 1. 
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The results of adding sterols and sterol deriva- 
tives to extracted flour are summarized in Table 1, 
and are given for Tribolium and Ephestia in Figs. 
1 and 2. Adding cholesterol, ergosterol or sitosterol 
restored its original efficiency either entirely or 
almost entirely. Only with Ephestia wheat-germ 
oil proved more efficient than any single sterol 
(Fig. 2) and from these results, and others not yet 
published, it seems likely that other fat-soluble 
factors, possibly unsaturated fatty acids, are re- 
quired by Ephestia. Destruction of such unknown 
factors during the prolonged chloroform extraction 
at a high temperature may explain why wheat-germ 
oil proved more efficient for Hphestia than the 
chloroform extract. We do not yet know whether 
small differences in the efficiency of cholesterol, 
ergosterol or sitosterol are significant. Of the other 
sterols tested, only 7-dehydrocholesterol and chole- 
sterylacetate proved of about the same nutritional 
value as the three common natural sterols. 

In evaluating the effect of sterols and sterol 
derivatives it has to be borne in mind that extracted 
flour proved entirely inefficient only for Sitodrepa 
and Ephestia, while some growth took place with 
the other species. This growth was almost certainly 
only possible through traces of sterols remaining in 
the flour after extraction. Furthermore, most of 
the derivatives of cholesterol which we tested were 
not pure and almost certainly contained cholesterol, 
while zymosterol was probably not free from ergo- 
sterol. Traces of any physiologically active sterol 
would, therefore, be expected to improve further 
the extracted flour for those insects which already 
showed some growth on it by virtue of small 
amounts of sterol retained. The insects which re- 
quired large amounts of sterol, and which entirely 
failed to grow on extracted flour, viz. Ephestia and 
Sitodrepa, grew well only on cholesterol, sitosterol, 
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although inferior to the ‘good’ sterols. Calciferol 
(vitamin D,) was not utilized by any of the insects 
tested. 


DISCUSSION 


It has been known for several years that sterols are 
growth factors for certain insects (literature in 
Fraenkel, Reid & Blewett [1941]) and this is now 
shown to be true for six more insects. It is also 
now certain that the fat-soluble factor necessary 
for Ephestia kuehniella, described by Richardson 
[1926] as vitamin A, is in fact a sterol. The last 
column of Table 1 contains the results of a previous 
investigation of the sterol requirements of another 
beetle, Dermestes vulpinus [Fraenkel et al. 1941]. 
The striking difference in the sterol requirements 
of Dermestes and the flour insects is that Dermestes 
will not grow on ergosterol or sitosterol. This limits 
its distribution to food of animal origin, while the 
flour insects grow equally well on a diet of vegetable 
origin (containing sitosterol), animal origin (con- 
taining cholesterol) or micro-organisms (containing 
ergosterol) [see Fraenkel et al. 1941; Fraenkel & 
Blewett, 1943c]. 

The present work confirms the observation that 
certain insects require sterols in the diet, and not 
ealciferol (vitamin D,), in which the tetracyclic 
arrangement of the carbon atoms has been changed 
and which is consequently not a true sterol. 
7-Dehydrosterols are utilized as well as_ sterols 
with only one double bond in ring B (cholesterol, 
sitosterol). There is, however, no reason to assume 
that cholesterol and sitosterol are utilized by virtue 
of traces of the respective dehydrosterols which are 
usually associated with them in biological material. 
Cholesterol, purified via the dibromide and free of 
dehydrocholesterol, proved just as efficient as un- 
purified cholesterol. Of the cholesterol derivatives, 


Table 2. Growth on diets slightly (1) or grossly (2 and 3) deficient in sterols 


Growth of 
Picea icsainiiaiinaianianeieanaieinnineeninniamiaaeaal 1 





Diet 
(1) Casein, starch, 5% yeast +++ 
(2) Flour extracted with chloroform + 
(3) Casein, glucose, yeast extract 4 


ergosterol, cholesteryl acetate and 7-dehydrochole- 
sterol, and, to a lesser degree, on cholestanol 
(Fig. 2). From this it appeared probable that the 
seemingly positive effects of zymosterol on Lasio- 
derma and Silvanus, and of A5-cholestene, dehydro- 
cholesterol monobenzoate and zymosterol on T'ri- 
bolium, were due to impurities. This does not apply 
to cholestanol, of which a pure sample was obtained 
on which even Sitodrepa and Ephestia grew fairly 
well. Cholestanol is, therefore, of some food value, 


nf 
Tribolium Lasioderma 


Ephestia 


Silvanus Ptinus Sitodrepa 
+++ +++ ++ +: - 
+ t + +: - - 
+ + - - - 


only the acetic ester retained full activity, and 
dihydrocholesterol (cholestanol) appeared of some 
food value. All the other structural changes, such 
as loss of the secondary alcohol group in A®-chole- 
stene, introduction of a second alcohol group in 
7-hydroxycholesterol, and esterification of this 
group in 7-hydroxycholesteryl dibenzoate or intro- 
duction of a keto-group on carbon atom 7 in 
7-ketocholesteryl-acetate, caused loss of nutritional 
value. 
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The requirements for sterols seem, therefore, to 
be qualitatively the same for the six insect species 
under investigation, but there are obvious quanti- 
tative differences. From a comparison of the 
growth on three diets relatively deficient in sterols 
(summarized in Table 2) it can be concluded that 
Sitodrepa, Ptinus and Ephestia kuehniella require 
larger quantities of sterols than Tribolium, Lasio- 
derma and Silvanus. 


SUMMARY 


The sterol requirements of six different insect 
species have been investigated; all the insects re- 
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quire a sterol in the diet for growth. The quanti- 
tative requirements of sterols by different insects 
are different, but the qualitative requirements of 
the insects under investigation are the same. 
The specificity of the sterol requirements was 
studied. 


We gratefully acknowledge a Government grant from 
the Royal Society, which, partly, made this investigation 
possible. We are also much indebted to Prof. I. M. Heilbron 
and Dr E. R. H. Jones (Imperial College of Science and 
Technology) and to Mr A. L. Bacharach and Dr E. Lester 
Smith (Glaxo Laboratories Ltd.) for the gift of a number 
of sterols. 
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Apparent Vitamin C in Foods 


By F. WOKES, JOAN G. ORGAN, JEANETTE DUNCAN anp F. C. JACOBY, 
Ovaltine Research Laboratories, King’s Langley, Herts 


(Received 12 August 1943) 


Titration with 2:6-dichlorophenolindophenol is 
used to estimate vitamin C in a wide variety of 
foodstuffs, though the dye may react with sub- 
stances besides ascorbic acid. Harris [1933] showed 
that dye-reducing substances can be produced by 
heating certain sugars with alkali. Johnson [1933] 
found with germinated peas that dye titrations 
indicated higher vitamin C contents than was shown 
by biological tests. In acid extracts part of the dye- 
reducing power was due to a substance which re- 
duced the dye more slowly than ascorbic acid. 
Bacharach, Cook & Smith [1934] found an increase 
in the dye-reducing power of malt extract heated 
to 100° for 4-2 hr. McHenry & Graham [1935] 
obtained increases of 50-170% by heating certain 
vegetables for a few minutes at 58° or by standing 
these for a few hours at room temperature in 1% 
HCl. Ahmad [1935] found that boiling cabbage for 
10 min. with 20% CCl,COOH increased the appa- 
rent vitamin C content by nearly 200%. Reedman 


& McHenry [1938] found that the apparent vita- 
min C in heated potatoes resembled true vitamin C 
in both physiological and many chemical properties. 
Their suggestion that ascorbic acid might exist in 
combination with protein from which it was set free 
by heating was discredited by Harris & Olliver 
[1942], who suggested three possible causes for the 


results: (1) incomplete extraction from unheated 
tissues, (2) variations in sampling, (3) inhibition by 
heat of the ascorbic acid oxidase in the foods 
examined. The possible occurrence of non-specific 
dye-reducing substances in vegetable tissues was 
considered of little or no practical importance, 
although it was admitted that germinated seedlings, 
malt extract, yeast and fermented juices might 
repay further study. 

During the last three years we have been accumu- 
lating evidence to show that the apparent vita- 
min C content of foods can become considerably 
higher than the true vitamin C value under manu- 
facturing and storage conditions which may occur 
in practice. Preliminary reference to these findings 
was made by Wokes, Johnson, Duncan, Organ & 
Jacoby [1942] and by Wokes, Organ, Duncan & 
Jacoby [1943a]. The provisional term ‘apparent 
vitamin C’ was proposed to describe substances 
occurring in natural and processed foods which, 
although not possessing antiscorbutic activity, 
simulate vitamin C very closely in their chemical 
and physical properties, so that they are not dis- 
tinguished from it by the indophenol titration as 
usually applied, and may therefore cause results to 
be too high. Methods of estimating true vitamin C 
in the presence of this apparent vitamin C Have 
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been described by Mapson [1943a,b] and by Wokes, 
Organ & Jacoby [19436]. In this paper a brief 
account is given of the production and occurrence 
of apparent vitamin C in foodstuffs, and of some 
of its properties. 


EXPERIMENTAL 


Indophenol titrations 


In our earlier experiments we used only the visual dye 
titration method essentially as described by Harris & 
Olliver [1942]. Later we also used the potentiometric 
method of Harris, Mapson & Wang [1942] with modifica- 
tions. This proved invaluable both for deeply coloured 
products and for following dye reactions more precisely 
than is possible visually, and we are greatly indebted to 
these workers for details of the method prior to publication. 
Satisfactory agreement was obtained between visual and 
potentiometric results, provided that timing and rate of 
dye additions were carefully controlled as described by 
Wokes el al. [19436]. 


Estimation of apparent vitamin C 


This was carried out by a modification [Wokes et al. 
19436] of the method of Lugg [1942]. Lugg divided the 
various dye-reducing substances into three groups according 
to their rate of reaction with formaldehyde: (a) react 
readily at pH 1-5 and 3-5, (6) react readily at pH 3-5, 
slowly at pH 1-5, (c) do not react readily at either pH. 
Ascorbic acid was the only substance he had found in 
group (6); reductone occurred in group (c). Hence a basis 
was provided for differentiating ascorbic acid from re- 
ductone. 

It has been shown by Mapson [1943b] and ourselves 
[Wokes et al. 19436] that reductone and other components 
of apparent vitamin C react too rapidly with formaldehyde 
at pH 3-5 for satisfactory differentiation. We have obtained 
satisfactory results by treating mixtures of true and 
apparent vitamin C with formaldehyde at pH 4-5 for 6 min. 
This destroys the whole of the true vitamin C but little, 
if any, of the apparent vitamin C. Recovery experiments 
are made to correct for any apparent vitamin C destroyed 
in certain materials. The action of the formaldehyde is 
checked at the end of 6 min. by adding excess HPO, to 
bring the pH to about 1-0. To calculate true vitamin C 
the apparent vitamin C thus determined is subtracted 
from the total vitamin C estimated with similar timing 
and rate of dye additions. 


Production of apparent vitamin C by heating with mineral 
acid 

Potatoes, cabbages, carrots, germinated grains (wheat, 
barley and oats), grass and lucerne were treated with 
various concentrations of HCl, H,SO,, HPO, or CCl,COOH 
in a water-bath at 90-95°, or occasionally on a sand-bath, 
water being added at intervals to make good any loss. 
With some materials (e.g. grass), heating on a sand-bath 
proved more effective. With HCl or H,SO,, 2% (v/v) of 
the concentrated acid gave the best results, producing as 
much apparent vitamin C as higher (up to 8%) concen- 
trations of acid, but when less than 2% of concentrated 
acid was used the rate of production of apparent vitamin C 
fell rapidly with decreasing acid concentration. 1% HPO, 
was more effective than lower concentrations, but the rate 
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of production of apparent vitamin C was still much slower 
than with 2% cone: HCl. The apparent vitamin C pro- 
duced with 1% HPO, or with 0:25% cone. HCl was 
unstable to prolonged heating. When heating cabbage 
extract in 25% CCl,COOH we were not able to obtain 
any iricrease in the dye titration values such as Ahmad 
[1935] described, but, on the contrary, as heating con- 
tinued the titration value became less. Our cabbage 
extracts were prepared by grinding with quartz sand, with 
precautions to avoid destruction of ascorbic acid by 
oxidizing enzymes [vide Wokes & Organ, 1943]. Hence 
our findings indicate that the increase in the dye titration 
value observed by Ahmad when heating cabbage with 
25% CCl,COOH was due to extraction difficulties and not 
to production of apparent vitamin C. We were able to find 
only slight traces of apparent vitamin C in our cabbage 
extracts when examining these by the method of Wokes 
et al. [19436]. On the other hand, when we heated ger- 
minated grains, grass and lucerne with acid, the dye titra- 
tion figures steadily increased during several hours’ heating 
(in contrast with the increase in 10 min. observed by 
Ahmad). The presence of apparent vitamin C was con- 
firmed by the above method, although the amount found 
was sometimes less than the increase observed, and the 
possibility of formation of hydroxytetronic acid was not 
precluded. Nevertheless, ample evidence was obtained that 
the increase in the dye titration values was not due to any 
of the three possible causes mentioned by Harris & Olliver, 
viz. incomplete extraction, variation in sampling, or in- 
hibition of ascorbic acid oxidase. A. few representative 
results are given in Fig. 1. 


20 


Vitamin C (mg./100 g.) 


Ss 





Hours at 100° 


Fig. 1. Production of apparent vitamin C by heating with 
2% cone. HCl or of conc. H,SO, at 100°. Germinated 
grains, ©——@. Grass, x —-— x. Lucerne, - ---- *. 


Production of apparent vitamin C by heating without acid 


In certain foods and food materials apparent vitamin C 
can be produced by heating to about 100° without addition 
of acid. This effect is strongly marked with malt extract, 
in which it is possible to increase the apparent vitamin C 
content as much as 10 times, but may also be observed 
with fruit syrups and other products. If true vitamin C 
be present, its destruction by heat may be masked by the 
simultaneous production of apparent vitamin C. This pro- 
duction of apparent vitamin C can take place at pH 4-5 
as compared with a pH below 1 in the experiments with 
acid. A few typical results are given in Table 1. 
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Table 1. Apparent and true vitamin C contents of foods, etc. 


Vitamin C content 








\ 


(mg./100 g.) True 
—_—_— a4 as per- 
pH of Apparent centage 
Material material Total (a) True of total 
Fresh fruit and fruit preparations: 
Black currants, fresh 3-2 202 4 198 99 
Black currant juice 3-2 140 5 135 96 
Black currant syrup, freshly made —- 103 2 101 98 
Black currant syrup after 8 weeks at room temp. in dark -- 96 + 92 96 
Black currant syrup after 13 weeks at 27° in dark — 58 3 55 94 
Black currant syrup after 10 weeks at 37° in dark — 68 8 60 88 
Rose hip syrup after 12 months at 0-5° 3-7 156 20 136 88 
Rose hip syrup after 12 months 3-6 101 69 32 31 
Cherry juice, conc., after 5 years at 0-5° 3-8 47 45 2 4 
Lemon juice, conc., after 18 months at 0-5° 1-7 193 42 151 78 
Lemon juice, conc., after 4 years at 0-5° 1-7 = 21 6 22 
Walnuts, unripe (Juglans regia), 2-3 g. _— 2619 1310 1309 50 
Walnuts, unripe, 6-7 g. 5-2 2961 987 1974 67 
Walnuts, unripe, 15-20 g. 3-9 2028 408 1620 80 
Walnuts, unripe, after precipitation of tannin (5) 3-9 1909 400 1509 79 
Dried fruits and vegetables: 
Dried bananas (c) 5-0 6 1 5 83 
Dried carrots (c) 4:8 90 49 41 45 
Dried potatoes (d) 4-5 27 4 23 85 
Dried rose hip extract (mean of five samples) (e) 41 1300 50 1250 96 
Dried spinach (c) 7-0 2 0-5 1-5 75 
Dried tomatoes (c) 4-7 89 55 34 38 
Malt extracts: 
Liquid malt extract, low diastatic power (D.P.) 4-7 3 (f) 0 0 
Liquid malt extract, normal pD.P. 4-7 12 (f) 0 0 
Liquid malt extract, normal D.P. 4:8 5 (f) 0 0 
Liquid malt extract after $ hr. at 100° 4-8 12 (f) 0 0 
Liquid malt extract after 2 hr. at 100° 4:8 20 (f) 0 0 
Liquid malt extract after 9 months at 37° 3-6 103 (f) 0 0 
Dried malt extract, low p.P. (g) 4-7 3 (f) 0 0 
Dried malt extract, normal pD.P. (9) 4-7 12 (f) 0 0 
Sugars and molasses: 
Sugar, white (mean of three samples) . — 0 0 0 0 
Sugar, brown (mean of four samples) _ 1 1 0 0 
Golden syrup —_ 27 27 0 0 
Molasses, beet — 18 18 0 0 
Molasses, cane a= ll ll 0 0 
Molasses, before charcoal treatment (h) 5-6 46 46 0 0 
Molasses, after charcoal treatment 6-2 19 19 0 0 
Molasses, beet concentrated preparation 5-4 222 (d) 0 0 
Molasses, beet concentrated preparation — 304 (d) 0 0 
Molasses, cane concentrated preparation —_— 196 (d) 0 0 
Cocoa, chocolate: 
Cocoa, defatted, mixed sample 7-0 65 65 0 0 
Cocoa, defatted, after precipitation of tannin 7-0 12 (d) 0 0 
Chocolate, vitaminized 6-1 44 8 36 82 
Chocolate, vitaminized 5-7 36 4 32 89 
Miscellaneous: 
Beer, light draught 4-6 0-3 0-3 0 0 
Beer, dark draught 4-4 1 1 0 0 
Parsley (i) 7-0 220 40 180 82 
Notes 
(a) Apparent vitamin C determined by method of Wokes et al. [19436] checked occasionally by Mapson’s method 
[19435]. 


(b) By method of Mirimanoff & Mori [1940]. 

(c) After about 4 years’ storage in air-filled containers at room temperature. 

(d) After 6 weeks’ storage in air-filled containers at room temperature. 

(e) pH range 4-0-4-2. 

(f) Some of the dye reductant in these preparations reacted with HCHO under the given conditions, but since it had 
been produced by heating was considered not to be ascorbic acid. 

(g) Prepared by evaporation in vacuo of the corresponding liquid malt extract. 

(h) Treatment normally used in refining sugar. ‘ 

(i) During extraction cyanide used to inhibit action of oxidizing enzymes and stabilize apparent and true vitamin C. 
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Development of apparent vitamin C during storage 


Apparent vitamin C may be gradually formed during 
storage under normal conditions. The rate of formation is 
affected by temperature, moisture content and exposure 
to air and enzymic action. 

(a) Effect of storage temperature. Fig. 2 summarizes some 
results obtained on malt extract, which show that the rate 
of formation of apparent vitamin C is affected by the 
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Fig. 2. Effect of storage temperature on rate of production 
of apparent vitamin C in malt extract. Increase at 37°, 
HRK----- *. Increase at room teniperature, x——x. 
Increase at 0-5°, ©——©. 


% increase in apparent vitamin C 





Weeks stored at 37 


Fig. 3. Rate of production of apparent vitamin C in malt 
extract stored in air-filled containers at 37°, showing 
effect of enzyme and moisture content. Results on dried 
extract of low diastatic power (12 Lintner), [ 
Dried extract of normal diastatic power (112 2 Lintner), 
© ©. Liquid extract from which low D.P. dry extract 
prepared, Liquid extract from which normal 


d.p. dried ext. prepared, 3 - - - - - *. 
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storage temperature. At 37° increases of 12-103 mg./100 g. 
were observed during 268 days’ storage. In the refrigerator 
at about 5° an increase of 46% was observed in 150 days. 


J. G. ORGAN, J. DUNCAN AND F. C. JACOBY 








1943 


(b) Effect of moisture content. Removal of all but 1-2% 
of the moisture greatly retards the rate of production of 
apparent vitamin C. This is clearly shown by results of 
experiments on malt extract before and after drying. 
Rather less conclusive evidence was obtained, indicating 
that destruction of the malt enzymes also diminished the 
rate of production of apparent vitamin C (see Fig. 3). 

In dried extracts of vegetables and fruits stored for 
4 years at room temperature in air-filled containers there 
was marked development of apparent vitamin C, masking 
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Vitamin C content (mg./100 g.) 





0 I 2 3 4 
Years stored at room temperature 


Fig. 4. Total and apparent vitamin C in dried fruit and 
vegetables stored in air at room temperature. A, total 
vitamin C in dried tomatoes. B, true vitamin C in dried 
tomatoes. C, total and true vitamin C in dried spinach. 
D, total vitamin C in dried bananas. 


the gradual destruction of true vitamin C (see results with 
tomatoes in Fig. 4). Storage in nitrogen-filled containers 
reduced the rate of formation of apparent vitamin C but 
did not entirely prevent it. 


Occurrence of apparent vitamin C in miscellaneous materials 


(a) Cocoa and chocolate. Apparent vitamin C has been 
found in considerable amounts in cocoa, and may therefore 
occur in chocolate used as a carrier of the vitamin (Table 1). 
When the true vitamin C gradually disappears during 
storage, the apparent vitamin C remains, and if no correc- 
tion is made for its presence the error increases in magni- 
tude. The apparent vitamin C is not entirely tannin, since 
it is not completely precipitated by the method of 
Mirimanoff & Mori [1940]. 

(b) Fruits and fruit syrups. Fresh fruits appear on the 
whole to contain only small amounts of apparent vita- 
min C, which does not usually exceed 10% of the total 
vitamin C found. Unripe walnuts are an exception; in 
some species the apparent vitamin C may be 80% of the 
total [Melville, Wokes & Organ, 1943]. 

When fruit juices are heated or subjected to prolonged 
storage more apparent vitamin C may be produced, so 
that it may eventually form the greater part of the total 
vitamin C found by the usual dye titration (Table 1). 
Some of this may be reductic acid formed by the action of 
the fruit acids on pectin or other constituents. 

(c) Sugar, syrup and molasses. Demerara and other 
coloured sugars contain traces of apparent vitamin C, 
which may produce an appreciable effect on the total 
vitamin C content of fruit syrups. Some samples of table 
syrup contain more apparent vitamin C. This is also found 
in molasses, from which very concentrated preparations 
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can be obtained. In the process of sugar refining the 
apparent vitamin C is presumably produced by the treat- 
ment with mineral acid, and partially removed by subse- 
quent treatment with charcoal. 

(d) Vegetables. Significant amounts of apparent vita- 
min C have not been found in common raw vegetables, but 
may be produced by cooking at a_high temperature (e.g. 
roasting or frying), and also occur in some herbs such as 
sorrel and parsley. 

(e) Beer. Traces of apparent vitamin C, comparable 
with the total vitamin C contents of South African beers 
reported by Levy & Fox [1935], have been found in English 
draught beer, especially in the dark variety. 


Properties of apparent vitamin C 


(a) Temperature coefficient. The rate of production of 
apparent vitamin C increases with rise in temperature. 
Between 0 and 37° the temperature coefficient for 10° rise 
is of the order of 2. At 100° a sharp rise in the rate occurs. 

(b) Effect of pH on rate of formation and stability. Appa- 
rent vitamin C develops as rapidly at pH 4-5 as at pH 1, 
and in part at least is unstable in 5% HPO, solution 
(pH below 1) as well as in less acid aqueous solutions. Its 
decomposition may be retarded by bubbling nitrogen 
through the solution to expel air, and by storage in the 
dark in nitrogen-filled containers; also by the use of 
cyanide. 

(c) Effect of oxidizing enzymes. These, including ascorbic 
acid oxidase, were extracted from outer cabbage leaves by 
the method of Szent-Gyérgyi [1931], from cauliflower inner 
florets by the method of Hopkins & Morgan [1936] and 
from unripe tomato skins by the method of Wokes & Organ 
[1943], and tested on apparent vitamin C obtained either 
at a pH of about 1 (e.g. beet and cane molasses, acid-heated 
extracts of various foods) or at a pH of about 5 (e.g. 
dehydrated foods, malt extract). Freshly prepared solu- 
tions in buffers of pH 2-6 were mixed with the enzyme 
extracts at room temperature and apparent vitamin C 
determined at intervals. The enzymes destroyed apparent 
vitamin C under the same conditions as they destroyed 
real vitamin C. 

(d) Effect of oxidizing agents. Practically the whole of 
the apparent vitamin C in different foods can be destroyed 
within 2-3 min. by treatment with 0-1% hydrogen peroxide 
or sodium percarbonate at 37°. This treatment also destroys 
true vitamin C. With lower concentrations less of the true 
or apparent vitamin C was destroyed. Even 1:10® dilution 
of H,O, produced an appreciable effect. The rate of de- 
struction was most rapid in the first minute. It did not 
appear possible to differentiate between true and apparent 
vitamin C by such means. 

(e) Effect of ultra-violet light. Griffiths [1943] suggested 
that reductones might be formed by the action of ultra- 
violet light on substances in the atmosphere. Solutions of 
dehydrated foods, in which it was known that apparent 
vitamin C could be developed during prolonged storage, 
were irradiated (mercury vapour lamp) at pH 4-6 in 
covered Petri dishes for several hours, screens being used 
to cut out short wave-length rays not present in sunlight, 
without development of apparent vitamin C. Solutions of 
foods in which the apparent vitamin C was already present 
were irradiated under similar conditions, and the apparent 
vitamin C was gradually destroyed, having almost entirely 
disappeared after 3—4 hr. irradiation [Wokes, 1943]. Whilst 
ultra-violet light did not produce any apparent vitamin C 
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in these dehydrated foods, the position may be quite 
different in natural foods, such as fruits, which are exposed 
to sunshine and contain various pigments and enzyme 
systems. 

(f) Spectroscopic evidence. Dr R. A. Morton kindly 
examined spectroscopically three of our most concentrated 
sources of apparent vitamin C obtained from malt extract 
by prolonged incubation, and from beet and cane molasses 
respectively. The treatment which these had undergone 
precluded the presence of true vitamin C, and the absence 
of antiscorbutic properties was also shown by physiological 
tests. The incubated malt extract showed a very distinct 
maximum at about 280myp (Fig. 5). Maxima in the beet 
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Wave-length of light (my.) 
Fig. 5. Absorption spectrograms of concentrated prepara- 


tions of apparent vitamin C obtained from: malt ex- 
tract, ——---— ; beet molasses, x ----- x 3 cane molasses, 
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molasses at about 276 and 264my, and in the cane molasses 
at about 275 and 256my, were obscured by general ab- 
sorption, due to the dark colour. When this dark colour 
was removed by treatment with charcoal, the apparent 
vitamin C was not recovered. Attempts to obtain colourless 
extracts suitable for spectroscopic examination by shaking 
or Soxhlet extraction with methanol or ethanol or by pro- 
longed shaking with ether proved unsuccessful. 


DISCUSSION 


The production of non-specific dye reductants by 
heating different foodstuffs with or without acid has 
been mentioned by a number of previous workers. 
Very little was known of the nature and properties 
of these reductants and they were generally assumed 
not to affect the vitamin C value of foods as deter- 
mined by dye titrations, either because they were 
not present in significant amounts or because they 
reacted more slowly with the dye so that their 
interference was obviated by carrying out the titra- 
tion very rapidly, the end-point being reached i a 
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minute or less. However, some doubt has been cast 
on this assumption by the recent findings of Hoch- 
berg, Melnick & Oser [1943] and Taylor [1943] that, 
when the end-point is reached still more rapidly by 
extrapolation of photoelectric data, the results 
may be appreciably lower than those given by the 
ordinary visual methods. Taylor [1943] found the 
total vitamin C in unripe walnuts to be about 13% 
less by the more rapid method, and similar dis- 
crepancies occurred with other foods. 

Wokes et al. [19436], using a potentiometric 
method, have shown that the vitamin C value ob- 
tained for samples of dehydrated carrots, in which 
much apparent vitamin C had developed during 
4 years’ storage, was increased as longer intervals 
were allowed between the dye additions, thus al- 
lowing more time for the apparent vitamin C to 
react. With additions every 15 sec. the result was 
about 40 mg./100 g.; with additions every 8 min. 
the result was over 100 mg./100 g. It was suggested 
that this was due in part to enol-keto tautomerism. 
Apparent vitamin C was thought to exist in the 
solutions undergoing titration as a mixture of two 
isomers. Only one of these reacts with the dye. As 
the dye is added it removes the active isomer, and 
more of this is formed from the inactive isomer to 
restore the equilibrium. Thus the time effect is due 
to the rate of enol-keto tautomerism as well as to 
the rate of reaction of the active form with the 
dye. 

In the present investigation it has been found 
that apparent vitamin C can be formed under much 
less drastic conditions, and occurs more widely and 
in greater proportions than was previously sup- 
posed. Moreover, its components resemble true 
vitamin C closely (1) in their susceptibility to oxida- 
tion by very low concentrations of inorganic or 
organic peroxides—an oxidation which is accele- 
rated by enzyme extracts containing ascorbic acid 
oxidase, (2) in their removal by activated charcoal 
and general behaviour towards adsorbents, and 
(3) in their reduction of iodine, ammoniacal silver 
nitrate or alkaline copper solutions (Benedict’s, 
Fehling’s) in the cold. Some of the reductants in 
apparent vitamin C are gradually destroyed on 
standing in HPO, solution at room temperature, 
but may be stabilized by nitrogen or cyanide; others 
are stable in HPO, solution. They also differ from 
vitamin C in possessing no antiscorbutic activity 
and in being more stable towards heat and towards 
formaldehyde at pH 4-5 [Wokes et al. 19436]. They 
should resemble ascorbic acid closely in chemical 
constitution and contain the active dienol and car- 
bonyl groups. These are present in reductone, re- 
ductiec acid, dihydroxymaleic acid and hydroxy- 
tetronic acid, four compounds closely related to 
ascorbic acid, as shown by comparison of their 
formulae. 
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Reductone is formed, amongst other products, 
when carbohydrates are treated with alkali. Such 
treatment may produce a variety of enolic com- 
pounds, hence the ‘reductones’ which Mapson pre- 
pared may have contained other dye reductants 
besides pure reductone, especially as their properties 
differed in certain respects (e.g. stability towards 
HPO,) from those of our apparent vitamin C. 
Martius & Euler [1934] showed that reductone and 
dihydroxymaleic acid react much more slowly with 
the dye when the pH is >5, and suggested that 
reductone could dissociate into two tautomeric 
ionized forms 


OH O— o— o— 
| ‘- % 
b—4 co and C=—C.CHO 
H H 


Snow & Zilva [1938], when describing their experi- 
ments with ascorbic acid oxidase on reductone, 
suggested that their findings might be explained by 
the high dye-reducing power of one of these isomers, 
the concentration of which would be controlled by 
the velocity of the tautomeric conversion. A similar 
explanation is suggested for the variations we have 
observed in the reaction velocity of the dye with 
apparent vitamin C in different foodstuffs. Reduc- 
tone has an absorption maximum at 287myp above 
pH 5-7 and at 268my at pH 4-0 or lower, indicating 
a change in the proportion of the two isomers in 
this pH range which may be related to the difference 
in properties of apparent vitamin C in foods of pH 
above or below this range. The maximum at 268myz 
would be in good agreement with the maximum of 
264m, found in our beet molasses at a similar pH, 
but the evidence for the presence of reductone is 
not conclusive. Euler & Martius [1933] stated that 
reductone has no antiscorbutic activity. 

Reductic acid was obtained by Reichstein & 
Oppenauer [1933] by heating beet sugar pectin or 
various carbohydrate derivatives with mineral acid, 
treatment like that which produced apparent vita- 
min C in our molasses. Reductic acid has an ab- 
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sorption maximum at 280my at pH 6 and at 264my 
at pH 3 [Mayer, 1937]. The spectroscopic data on 
our materials do not preclude the presence of re- 
ductic acid, but the fact that the apparent vita- 
min C was not completely destroyed on standing in 
HPO, [Wokes et al. 19436] suggested that the latter 
contained at least two different substances. 

Dihydroxymaleic acid is formed when tartaric acid 
is oxidized by H,O, in presence of small quantities 
of ferrous salts in sunlight. Szent-Gyérgyi [1939] 
states that it is quite common in plants, where it 
probably serves as a hydrogen transmitter analogous 
to ascorbic acid, being reversibly oxidized by an 
oxidase similar to ascorbic acid oxidase. Dihydroxy- 
maleic acid, like ascorbic acid, is rapidly oxidized 
by traces of peroxides, but unlike ascorbic acid is 
unstable in acid solutions, in which it resembles 
part of the apparent vitamin C in our materials. 
Solutions of dihydroxymaleic acid in HPO, are not 
stabilized by nitrogen or cyanide. Such stabiliza- 
tion might be effected in the presence of certain 
food extracts, but our experiments in this direction 
have so far proved unsuccessful. Potentiometric 
studies of its rate of reaction with the dye confirm 
Szent-Gyérgyi’s suggestion that in aqueous solution 
it is subject to enol-keto tautomerism. The maxi- 
mum light-absorption for dihydroxymaleic acid in 
water is at 290muy. This differs appreciably from the 
maximum at 280my in our incubated malt extract, 
and the maximum at 275-276my in the molasses, 
but the possibility must be considered that the acid 
in the molasses may have shifted the dihydroxy- 
maleic acid maximum from 290myz to a lower 
wave-length. The presence of dihydroxymaleic acid 
in our materials is therefore not excluded. The 
destruction of the non-specific reductant in these 
materials by our enzyme extracts may have been 
due to their containing dihydroxymaleic acid oxi- 
dase, which Banga & Philipot [1938] found in many 
plants. Dihydroxymaleic acid is not antiscorbutic 
[Dalmer, 1934]. 

Hydroxytetronic acid is chemically of interest as 
being the parent substance from which ascorbic 
acid is probably formed. It resembles ascorbic acid 
closely in its rate of reaction with HCHO and with 
the indophenol dye. Its maximum absorption at 
246 my is appreciably lower than the nearest maxi- 
mum of 256my in any of our materials, and would 
presumably tend to become still lower in presence 
of acid. Its occurrence in our materials seems less 
likely than that of reductic or dihydroxymaleic 
acids. Hydroxytetronic acid is not antiscorbutic 
[Micheel & Jung, 1934]. 

Other possible constituents of apparent vitamin C. 
It appears from spectroscopic evidence, and from 
the effects of HPO, and HCHO at different pH 
[Wokes et al. 19436], that apparent vitamin C fre- 
quently contains more than one non-specific re- 
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ductant. In addition to the reductants mentioned 
above, enolic substances may be present which 
reduce the dye fairly rapidly but which are less 
closely related to ascorbic acid. Certain German 
workers [cf. Enders, 1938; Luers, 1937] have de- 
scribed the occurrence and gradual development, in 
malted barley extracts and beer during storage, of 
dye reductants which they state are formed by 
condensation of sugars and amino-acids with evolu- 
tion_of CO,. These reductants are stated not to 
reduce Fehling’s solution, which indicates that their 
chemical nature differs more widely from that of 
ascorbic acid than does that of the above four 
reductants. 


SUMMARY 


1. The provisional term ‘apparent vitamin C’ is 
proposed to describe a group of substances occurring 
in foods and closely resembling ascorbic acid in 
chemical and physical properties (as well as in be- 
haviour towards oxidizing enzymes), so that they 
are not distinguished from vitamin C by the dye 
titration generally employed. 

2. These substances probably all contain the 
dienol group, and may include reductone, reductic 
acid, dihydroxymaleic acid and hydroxytetronic 
acid. They undergo enol-keto tautomerism, which 
causes their rate of reaction with the dye, and other 
properties, to be affected by the pH, the range 4-6 
appearing to be critical. 

3. They differ from ascorbic acid in being pro- 
duced by the action of heat on certain constituents 
(e.g. pectins, carbohydrates) in foods and also 
(except hydroxytetronic acid) in their rate of re- 
action with formaldehyde under given conditions 
[Wokes et al. 19436]. These differences in behaviour 
have formed the basis of methods of estimating 
apparent vitamin C in foodstuffs. 

4. Apparent vitamin C has been found in ger- 
minated grains, malt extract, cocoa, chocolate, 
dehydrated fruits and vegetables, beer, and in 
certain fruits and herbs such as walnuts, parsley and 
sorrel. Particularly high contents have been found 
in unripe walnuts, in concentrated preparations 
from beet and cane molasses, and in fruit juices and 
dried foods stored for several years under normal 
conditions. 

The apparent vitamin C content of processed and 
dehydrated foods may gradually increase during 
storage under normal conditions, and thus obscure 
loss of true vitamin C in storage experiments. 


We are indebted to Dr L. J. Harris and his colleagues 
for advice and criticism, to Dr R. A. Morton for spectro- 
scopic examination of various samples, to Mr H. C. Powers, 
chief chemist, Messrs Tate and Lyle’s Thames Refinery, for 
samples of molasses, to Messrs W. J. Bush and Co. for 
samples of fruit juices and syrups, and to Dr F. Bergel for 
specimens of reductic and hydroxytetronic acid. 
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The Osmotic Pressure of ‘Defatted’ Human Serum 


By G. POPJAK, Department of Pathology, AND E. F. McCARTHY, Department of Physiology, 
St Thomas’s Hospital Medical School, London, S.E. 1 


(Received 1 October 1943) 


McCarthy showed [1938] that foetal sheep serum 
exerts a significantly higher osmotic pressure per 
gram of protein than does the maternal serum. This 
phenomenon could not be explained by the different 
albumin-globulin ratios of the two sera. Molecular 
weight determinations by McCarthy [1942] did not 
reveal any striking difference between foetal and 
maternal crystalline horse-serum albumins. As- 
suming that maternal and foetal serum albumins in 
the sheep are also identical, as is probable in the 
horse, we sought another explanation for the pheno- 
menon observed in the foetal sheep serum. Since 
the lipid content of foetal blood is considerably less 
than that of the maternal blood [data for human: 
Slemons & Stander, 1923], and since Macheboeuf 
[1929], Macheboeuf & Sandor [1931] have stated 
that the lipid constituents of serum protein exert 
a considerable influence on osmotic pressure, it 
seemed desirable to investigate further the effect of 
lipids on the osmotic pressure of the serum proteins. 
Experiments were therefore undertaken to compare 
the osmotic pressure of serum before and after lipid 


extraction. The chief problem regarding the ex- 
traction was to find a suitable method which would 
remove the lipids without denaturing the serum 
proteins. 

The method of McFarlane [1942] seemed the most 
convenient for our purpose, the method being also 
of especial interest since it is used in preparing 
pooled sera for transfusion. The method consists of 
shaking the serum with ether and freezing the 
mixture by cooling it to below — 25°, then thawing 
it. The ethereal layer which separates during 
thawing contains a large proportion of serum lipids, 
and by repeated extractions approximately three- 
quarters of the lipids can be removed. McFarlane 
showed by electrophoretic measurements that the 
only change that takes place in the serum proteins 
is the diminution of the B-globulins. 


METHODS 


We extracted fresh pooled human serum by McFarlane’s 
method. The serum was shaken with ether, frozen and 
thawed five times. Since the method employed by us may 
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differ slightly in detail from that of McFarlane, a summary 
of our procedure is desirable. The serum was frozen by 
surrounding the container with solid carbon dioxide 
(‘Dricold’, Imperial Chemical Industries Ltd.) and leaving 
it for several hours or overnight. The frozen serum was 
thawed at room temperature by inverting the vessel and 
letting the-thawed liquid drip into another container. It 
was noticed that as the thawed serum collected, several 
layers separated out: usually the bottom part was crystal 
clear and the rest increasingly milky towards the top. 
After the yellow ethereal layer had been siphoned off and 
the extracted serum stirred up, the serum lost its opacity 
and became crystal clear throughout after each extraction, 
so that there was no need to centrifuge or filter it. While 
the frozen serum was thawing, a thick, creamy, yellowish 
material gradually separated on the surface of the ite. This 
remained in the first vessel; it had a low solubility in water 
and was not further analyzed. This material may be iden- 
tical with the gelatinous deposit of low solubility in water, 
which McFarlane found to separate, after freezing and 
thawing the serum, subsequently to the last ether extrac- 
tion, and which had to be filtered or centrifuged off to 
clear the serum. After the last ether extract had been 
siphoned off, the ether remaining dissolved in the serum 
was removed by passing nitrogen gas through the serum 
for approximately 1 hr. at 0°. After this, samples of the 
extracted serum and of the untreated serum, the latter 
having been kept frozen up to this time, were placed in 
collodion membranes and dialyzed for 48 hr. at 0° against 
M/15 phosphate buffer (M/30 Na,HPO,.12H,0 +M/30 
KH,PO,) of pH 6-8. Ten osmometers were set up at 0° 
with various dilutions of each sample of serum according 
to the method of Adair [1925], with the same buffer for 
the outer fluid as in dialysis. The protein concentration of 
the serum in each osmometer was measured by a micro- 
Kjeldahl determination. Albumin N was determined on 
three of the more concentrated sera after precipitation of 
the globulins by saturation with MgSO,. 

In calculation of protein concentration from N content, 
since the N contents of human-serum albumin and globulin 
are not known, the figures for horse-serum albumin 
(15-6% N) and horse-serum globulin (15-13% N) [Adair 
& Robinson, 1930a] were used. No allowance has been 
made for the presence of phospholipid N in the normal 
serum, nor for the loss of this after the extraction, since 
the corrections that might have been introduced are in- 
significant in comparison with the probable error in the 
determinations of total N. The serum was analyzed for its 
lipid content before and after the extraction. The distri- 
bution of lipids in the ether extract, and the N content of 
the latter, were also determined. Total fatty acids, fatty 
acids derived from neutral fats and cholesteryl esters, and 
total phospholipids were all determined by the methods 
of Bloor [1928, 1929]. Total free and ester cholesterol were 
oe” by the digitonin method as described by Popjak 

943]. 


RESULTS 


Table 1 shows the lipid content of the serum before 
and after extraction. It can be seen that practically 
all of the cholesterol, approximately two-thirds of 
the phospholipids and two-thirds of the neutral fats 
have been removed by the extraction. Table 2 shows 
the observed percentage distribution of lipids in the 
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Table 1. Lipid content of serum before 
and after extraction 


Before After 
extraction extraction 
(mg./100 ml.) (mg./100 ml.) 

Cholesterol: Free 44 — 
Ester 148 -- 

Total 192 Traces 
Total fatty acids 390 101 
Fatty acids* 280 61 
Neutral fatst 183 64 
Total phospholipids 171 61 
Total lipids 652 125 


* Fatty acids derived from neutral fats and cholesteryl 


esters. 
+ Neutral fats=(fatty acids—ester cholesterol x 0-72) 


x 1-05. 
Table 2. Observed and theoretical percentage 
distribution of lipids in ether extract of serum 


Lipid content of 
ether extract 


0 OF 
Observed Theoretical 
(%) (%) 


Phospholipid 3-20 20-90 
Neutral fat 4-20 22-60 
Cholesterol: Free 2-00 8-35 
Ester 56-00 28-05 

Fatty acids of cholesteryl esters 36-00 20-10 
Total 101-40 100-00 


dry ether extract, together with the theoretical 
distribution calculated from the results of lipid 
analyses of the sera, assuming that all the lipids 
removed by the extraction were to be recovered in 
the ether extract. It is evident that the observed 
and theoretical lipid distributions differ consider- 
ably; the results appear to indicate that a large 
proportion of the phospholipids, neutral fats, and 
also of free cholesterol was lost with the material 
which separated on the surface of the ice during 
each thawing. 

The N content of the ether extract was found to 
be 0-28 mg./100 mg. of dry extract; about 22% of 
this small amount of N is accounted for by the 
phospholipids. If the remaining fraction of N is 
protein-N, the amount of protein in the extract 
must have been negligibly small. 

Total N determinations on the dialyzed normal 
and ‘defatted’ sera showed a discrepancy in total 
protein concentration of a magnitude difficult to 
reconcile with any observed volume changes due to 
dilution in the dialysis. The total protein concen- 
tration of the dialyzed normal serum was 6-82% 
and that of the dialyzed ‘defatted’ serum 5-49% 
(cf. Table 3; osmometers 1 and 11 respectively). It 
seems probable that N determination and lipid 
analysis on the material which separated out on the 
surface of the ice during thawing would have ex- 
plained the discrepancies. ‘ 
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The percentage albumin and globulin contents of 
the dialyzed normal serum were 56-76 and 43-24% 
respectively; and those of the dialyzed extracted 
serum 61-64 and 38-36 % respectively, indicating a 
diminution of globulin content. It is of interest to 
note that a loss of £-globulin following the ether 
extraction of the serum was reported by McFarlane 
on the basis of electrophoretic analysis, although no 
quantitative data are available in his paper. 


© Normal serum 


A ‘Defatted’serum 


Osmotic pressure (mm. Hg at 0°) 





0 l 2 3 - 5 6 7 
Protein concentration (g./100 ml. of solution) 

Fig. 1. Relationship between protein concentration ‘and 
osmotic pressure of normal and of ‘defatted’ serum. 
The data for the two curves have been calculated from 
the equation of Adair: p=2,C/(1—K,C) [ef. Adair & 
Robinson, 19306]. K, (normal serum) = 0-0509; K,’ (de- 
fatted serum) = 0-0547. The circles and triangles repre- 
sent observed values. 


Fig. 1 illustrates the osmotic pressures, in mm. 
of Hg at 0°, of the normal and of the extracted sera; 
the detailed data are presented in Table 3. It would 
appear that the ‘defatted’ serum exerts slightly 
higher osmotic pressures for the same protein con- 
centrations than the normal serum. The difference 
in higher concentrations amounts to 0-5—0-6 mm. of 
Hg, in lower concentrations to 0-2—0-3 mm. of Hg. 
Evidence on the question whether this difference is 
due to the removal of lipids, or to the higher per- 
centage of albumin in the extracted serum, can be 
obtained by finding the value of 7, for both sera, 
i.e. the limiting value of z, i.e. the ratio 


p (osmotic pressure) 


C (protein concentration) 
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Table 3. Data for osmotic pressures of 
normal and ‘defatted’ sera 
Protein 
Osmo- Osmotic concentration 
meter pressure (g./100 ml. 
no. (mm. Hg at 0°) solution) 1/7 
(a) Normal serum 
1 21-39 6-82 0-319 
2 16-77 5-69 0-339 
3 15-05 5-28 0-351 
4 13-97 5-01 0-359 
5 10-22 3-99 0-391 
6 6-77 2-82 0-417 
7 5-30 2-28 0-431 
8 3-64 1-57 0-431 
9 2-48 1-11 0-448 
10 1-44 0-68 0-472 
(b) ‘Defatted’ serum 
ll 16-66 5-49 0-329 
12 14-20 4-91 0-346 
13 12-11 4:35 0-360 
14 10-49 3-91 0-373 
15 8-50 3-28 0-386 
16 5-86 2-41 0-411 
17 3-63 1-51 0-417 
18 3-47 1-45 0-418 
19 1-95 0-82 0-420 
20 1-39 0-62 0-448 


in an infinitely dilute solution, and then comparing 
the observed and theoretical values of 7). In the 
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0°35 
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© Normal serum 


A ‘Defatted’ serum 


I 2 3 
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Protein concentration (g./100 ml. of solution) 


Fig. 2. Relationship between protein concentration and 
1/7 (=C/p). 


comparison of osmotic pressures, it should be noted 
that the unequal distribution of ions may affect 
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results for the more concentrated solutions. This 
complication is eliminated by calculation of the 
value of zp for infinite dilution [Adair & Robinson, 
19306]. In Fig. 2 observed values of 1/z are plotted 
against protein concentration. The straight lines 
have been drawn visually as the best fit for values 
of 1/7 relating to protein concentrations above 
2g./100 ml. of solution, and the values of 1/7, 
determined by extrapolation of these lines to the 
ordinate. The points relating to lower protein con- 
centrations are neglected, as the unavoidable ex- 
perimental errors at these concentrations produce 
significant deviations in the value of 1/7. The values 
of 1/7) for the normal and extracted sera thus 
determined by extrapolation are 0-4835 and 0-4720 
respectively [cf. Adair & Robinson, 19306], and 
hence 7» for the normal serum is 2-07, and for the 
extracted serum 2-12. Adair & Robinson [1930b] 
showed that for an infinitely dilute solution of 
serum the osmotic pressure can be expressed by 
the formula 
p=RT [10C,]/M,+ RT [10C,]/M,, 
where C, and C, denote the concentrations (g./ 
100 ml. of solution) of albumin and globulin, and 
M, and M, the molecular weights of albumin and 
globulin. In calculating the theoretical zp, it is 
assumed that M,= 72,000 and M,= 170,000, values 
known for horse-serum albumin and _ globulin 
[Adair & Robinson, 19306]. Then the value of 
theoretical 7) is calculated by the formula 
1 = 2:36X,+ 1-00 (1—X,), 

where X,=g. of albumin/g. of total protein. For 
the normal serum X,= 0-568 and for the extracted 
serum X,=0-616. Therefore the theoretical values 
of z) for the normal and extracted sera are 1-77 
and 1-84 respectively. Thus there is an increase in 
the value of the theoretical 7) of the same order as 
in the observed values, which is attributable to the 
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increased percentage of albumin in the extracted 
serum. The difference between the values of deter- 
mined and theoretical 7) for human serum proteins 
may be explained by the fact that constants for 
horse-serum proteins were used in the computation 
of theoretical 7. 

Therefore we conclude from our experiment 
(a) that McFarlane’s method for extracting lipids 
from sera removes also a part of the globulin com- 
plex without altering the colloid osmotic pressure 
properties of the remaining serum proteins, and 
(b) that the lipids extracted by the method do not 
influence the osmotic pressure of the serum proteins. 
The higher osmotic pressure effect of foetal serum 
remains still unexplained. 


SUMMARY 


1. Fresh pooled human serum was ‘defatted’ by 
McFarlane’s method. 

2. Lipid analysis of serum before and after ex- 
traction -showed that practically all of the chole- 
sterol, approximately two-thirds of the phospho- 
lipids, and two-thirds of the neutral fats, were 
removed by the extraction. 

3. The extracted serum exerts slightly higher 
osmotic pressure per g. of protein than the normal 
serum. This difference, however, can be explained 
by the increased albumin-globulin ratio in the 
extracted serum. 

4. The serum lipids, which can be removed by 
McFarlane’s method, do not influence the osmotic 
pressure of the serum proteins. 


We are ind ebted to Mr G. S. Adair, F.R.S., for his helpful 
criticism of our results and to Prof. F. G. Young for kindly 
allowing us to use the cold room of his department. One 
of us (E.F.M.) wishes to express his indebtedness to 
Prof. W. G. Barnard for hospitality and facilities in his 
department. 
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The Estimation of ‘True Ascorbic Acid’ in Blood 
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Recent work has suggested that the blood ascorbic 
acid concentration may provide a satisfactory index 
of the nutritional level of vitamin C. The concen- 
tration in whole blood is preferable for this purpose 
to the plasma concentration, which shows greater 
fluctuation ; but the chief disadvantage of the blood 
ascorbic acid concentration as a nutritional index 
is the technical difficulty of estimating it accurately. 
The normal values obtained by different sets of 
workers show wide variation, and there is con- 
siderable doubt as to how much of the reducing 
substances estimated by these methods represents 
true ascorbic acid. For this reason Butler & Cush- 
man [1940] suggest the use of the term ‘apparent 
ascorbic acid’ for the blood estimates, since they 
conclude that ‘satisfactory criteria for the validity 
of whole blood analyses are lacking’. 

In the present investigation the simple indo- 
phenol titration method of Deeny, Murdock & 
Rogan [1942] was chosen for special study. Pre- 
liminary experiments showed that a significant 
quantity of non-ascorbic acid reducing substance 
could be removed by treating the blood filtrates 
with lead acetate and so obtaining a precipitate of 
lead phosphate. This procedure removes certain 
SH derivatives, but not ascorbic acid [Richter & 
Croft, 1943]. Blood ascorbic acid figures obtained 
by this lead precipitation method were then com- 
pared with figures obtained on the same samples by 
the ascorbic oxidase method. Good agreement be- 
tween estimates obtained by these two distinct 
methods is considered to be satisfactory evidence of 
the validity of the blood ascorbic acid determina- 
tion. 

The lead precipitation method described is very 
simple, and as it requires no special apparatus it 
appears very suitable for use in clinical investiga- 
tion. 


METHODS 


Venous blood containing sodium oxalate (0-30 g./ 
100 ml.) or sodium citrate (0-05 ml. saturated solu- 
tion to 5ml. blood) was used. Special care was 
taken to avoid haemolysis. 

Lead precipitation procedure. The oxalated blood 
(4 ml.) was put in a 15 ml. centrifuge tube con- 
taining 0-05 ml. sec.-octanol, and coal gas was 
bubbled through. Distilled water (4 ml.) was added 


and the gassing continued for 10 min. 2 ml. of 
freshly prepared 32% HPO, were added, followed 
after mixing by 1 ml. 25% Pb(Ac),.3H,O and 2 ml. 
saturated sodium acetate solution. After thorough 
mixing, the suspension was centrifuged. Any 
cloudiness in the supernatant fluid indicated that 
the HPO, solution was not sufficiently fresh. 2 ml. 
portions of the supernatant solution were taken for 
titration. 

The dye solution (2 mg. 2:6-dichlorophenolindo- 
phenol in 100 ml. warm water) was standardized by 
titration against a freshly made solution containing 
2 mg. ascorbic acid in 400 ml. 2% HPO,. On one 
oceasion it was found that erroneous results were 
due to a rapid fading of the dye solution (30% in 
24 hr.). This was traced to an impurity in the 
particular specimen of dye. Other specimens sup- 
plied by the same firm gave satisfactorily stable 
solutions, but the stability of the dye solutions 
should be checked before use. 

The dye solution was added from a 2 ml. micro- 
burette to 2-0 ml. ascorbic acid solution in a small 
conical vessel made from the end of a conical 
centrifuge tube. The solution was stirred with a 
glass rod after each addition and the titration was 
continued until a faint pink colour persisted for 
10 sec. and matched a solution made by adding 
0-05 ml. of dye to 1 ml. of 1% HPO, in a similar 
conical vessel: the amount of dye solution added in 
the blank was subtracted from the final burette 
reading. As the pink colour at the end-point was 
very faint, it was essential that the titration should 
be done against a white background and in a good 
light. After some practice, duplicate estimations 
showed good agreement. 

In calculation of the result a small correction was 
applied for the ascorbic acid contained in the pro- 
tein precipitate obtained in deproteinization. The 
precipitate was found to contain 65% of water, by 
drying to constant weight. With the volumes of 
blood and reagents given the total volume was 
13 ml., of which about 2-2 ml. were occupied by the 
moist precipitate. The effective volume of the 
aqueous solution was therefore taken as 12-2 ml. 
The ascorbic acid concentration in whole blood 
(mg./100 ml.) was obtained by multiplying the mg. 
ascorbic acid found in 2ml. of the supernatant 
solution by the factor } (12-2) x } (100) = 152-5. 
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RESULTS 


Removal of non-ascorbic acid reducing substances 
with lead acetate. Ascorbic acid estimations were 
carried out on a series of blood specimens by the 
method of Deeny et al. [1942]. It was then found 
that when the blood filtrates obtained after depro- 
teinization with HPO, and sodium acetate were 
treated with 1 ml. 25% lead acetate solution, and 
the lead phosphate precipitate was removed by 
centrifuging, titration with the indophenol dye 
generally gave a significantly lower result, owing to 
the removal of non-ascorbic acid reducing sub- 
stances (Table 1). Allowance has been made for 
the dilution by the lead acetate solution. 


Table 1. Ascorbic acid content of fresh 
and of stored blood 


Total dye 
reducing Non-ascorbie 
; substance, ‘True ascorbic acid 
Time of — estimated as acid’ by lead __ reducing 
storage ascorbic acid precipitation substance 
(days) (mg./100 ml.) (mg./100 ml.) (%) 
(1) Oxalated blood 
0 0-78 0-70 ll 
0 0-60 0-54 ll 
(2) Citrated blood 
0 0-58 0-54 7 
2 0-57 0-43 33 
6 0-63 0-57 10 
6 0-46 0-38 21 
6 0-46 0-38 21 
6 0-25 0-23 9 
6 0-67 0-50 34 


The stored specimens were kept at 3°. 


Estimation by ascorbic acid oxidase. That the 
lower ascorbic acid figures obtained after lead 
acetate treatment were due to the removal of non- 
ascorbic acid reducing substances was confirmed by 
estimating the ascorbic acid by an independent 
method. The ascorbic oxidase was used for the 
quantitative oxidation of the ascorbic acid. The 
oxidase was prepared from cauliflower and the 
experimental procedure was that of Richter & Croft 
[1943]. The use of this method was made difficult 
by the relatively low concentration of ascorbic acid 
in the blood filtrates and for this reason the method 
cannot be recommended for blood; but with great 
care satisfactory agreement of duplicates was ob- 
tained. Each figure given in Table 2 represents the 
means of two separate estimations, i.e. of six burette 
readings. 

It was clear that the figures obtained by the 
ascorbic oxidase method agreed very much more 
closely with those obtained by the lead precipitation 
method procedure (correlation coefficient 1-00) than 
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Table 2. Estimation of ascorbic acid in blood by 
(a) ascorbic acid oxidase and by (b) lead methods 


‘True ascorbic acid’ 
Total reducing - A 


substance as (a) By oxidase (6) By lead 


ascorbic acid method method 
(mg./100 ml.) (mg./100 ml.) (mg./100 ml.) 
(1) Oxalated blood 
0-50 0-37 0-36 
0-36 0-31 0-30 
0-22 0-21 0-21 
0-62 0-56 0-56 
(2) Citrated blood 
0-51 0-42 0-44 
0-31 0-27 0-26 
0-40 0-30 0-32 


The correlation coefficient between the total reducing 
substance and the figures obtained by the ascorbic oxidase 
method was 0-96: between figures by the lead precipitation 
method and the ascorbic oxidase method, 1-00. The blood 
specimens were used within 3 hr. of collection. 


with the figures for the total reducing substance 
given by the method of Deeny et al. [1942] (correla- 
tion coefficient 0-96). The closeness of the agreement 
gave evidence of the reliability of the lead precipi- 
tation method. 

Subsequent work showed that it was unnecessary 
to carry out the two precipitations separately and 
to precipitate with lead acetate after a preliminary 
deproteinization: identical figures were obtained 
when these two stages were combined as described 
under ‘Methods’. 


The stability of ascorbic acid in citrated 
whole blood 


Heinemann [1938] and Kassan & Roe [1940] re- 
ported that the level of ascorbic acid in whole blood 
remained constant for 16-24 hr. at room tempera- 
ture and for 52 hr. at 0°. As it was desired to 
analyze specimens sent by rail and by post, this 
point was further investigated. Estimations were 
made on specimens of citrated and oxalated blood 
immediately after collection and after storage for 
24 and 48 hr. at various temperatures, with or 
without occasional shaking (Table 3). 

There was no significant loss of ascorbic acid 
under these conditions for 24 hr., and even in 48 hr. 
the maximum loss observed in 10 specimens was 
only 22%. The range of blood ascorbic acid con- 
centrations is wide—from about 1-5 mg./100 ml. 
in the fully saturated individual to below 0-15 mg./ 
100 ml. in a person with scurvy. In clinical work 
only the approximate level is usually required in 
order to demonstrate or to exclude the existence of 
gross deficiency. A loss of even 22% would not 
render the result entirely useless for this purpose. 
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Table 3. Stability of ascorbic acid in citrated 
and oxalated whole blood 


Percentage of initial 
ascorbic acid 
remaining after 


— 


(hr. of storage) 
A 


Initial 
ascorbic 
acid 
content 
(mg./ Temp. 
100 ml.) eS 
0-30 16 
0-27 16 
0-55 14 
0-48 14 
0-27 21 
0-19 20 
0-15 20 
0-30 20 
0-26 20 
0-32 19 
0-34 20 
0-30 20 


Anti-coagulant , aera eres 


9 24 48 


100 100 —_ 
100 96 — 
100 98 91 
100 100 84 
100 80 
100 100 
100 90 
100 78 
100 84 
100 ¢ 91 


Oxalate 100 97 85 
100 100 89 


Blood preserved with saturated citrate contained 0-05 ml. 
saturated sodium citrate solution to 5 ml. blood; with 
38% citrate, 2-5 ml. 3-8% sodium citrate solution to 
10 ml. blood; with oxalate, 0-03 g. sodium oxalate to 10 ml. 
blood. 


Saturated citrate 


38% citrate 


DISCUSSION 
In attempts to assess the nutritional level of vita- 
min C in a subject, either the saturation test 
[Harris, 1942] or the blood ascorbic acid concentra- 
tion can give useful information. The saturation 
test is simple to carry out, but its usefulness is 
limited in that it requires the accurate collection of 
urine, dosage with ascorbic acid and repeated esti- 
mations for a period of several days. The blood 
ascorbic acid concentration, on the other hand, is 
so constant that a single estimation is usually 
adequate, and it has the great advantage that the 
estimation need not be carried out immediately 
after collection of the blood specimens. Ascorbic 
acid is stabilized by the reducing systems present 
in citrated or oxalated whole blood, so that there is 
no significant loss on storage for 24 hr. at ordinary 
temperature. Estimations can thus be carried out 
satisfactorily even on specimens sent by post. The 
chief disadvantage of the blood concentration as a 
nutritional index is the difficulty of estimating it 
accurately. There is, however, no standard accepted 
method for the estimation of blood ascorbic acid, 
and some of the methods in current use are subject 
to serious criticism [Butler & Cushman, 1940]. 
Several photoelectric absorptiometric and other 
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methods have been described which have given 
good results in the hands of experienced research 
workers, but they are too difficult for routine use 
by the average clinical laboratory technician and 
we must agree with Bessey [1938] that their accu- 
racy has generally been overrated. 

It is evident from the present investigation that 
the blood ascorbic acid figures obtained by methods 
such as that of Deeny et al. [1942] are too high, 
owing to the inclusion of a variable amount of 
extraneous reducing substances. The lead precipi- 
tation method described corrects this source of 
error and gives somewhat lower figures. In order 
to obtain the greatest possible accuracy a relatively 
large volume of blood (4 ml.) was used and the 
volume of the other additions was kept small. After 
some practice in recognition of the end-point of the 
titration, duplicate estimations showed very close 
agreement, and the reliability of the method was 
confirmed by comparison with the ascorbic oxidase 
method for estimating ‘true ascorbic acid’. 

The method has been applied satisfactorily to 
estimation of the blood ascorbic acid in factory 
workers in the Birmingham area: the blood speci- 
mens were sent by rail and titrated within 24 hr. at 
Mill Hill. The blood ascorbic acid concentration of 
350 normal individuals varied from 0-15 to 0-85 mg./ 
100 ml., with a mean level of 0-25 during the months 
of May, June and July 1943. Fruit and vegetables 
were scarce in the Birmingham area during this 
period. 

SUMMARY 


1. Figures obtained for the blood ascorbic acid 
coneentration by certain current methods are too 
high owing to the inclusion of a variable amount of 
extraneous reducing substance. 

2. A simple lead precipitation method is de- 
scribed which eliminates this source of error. 

3. The validity of the estimates by the lead pre- 
cipitation method was demonstrated by comparison 
with the ascorbic oxidase method for ‘true ascorbic 
acid’. 

4. There is no significant loss of ascorbic acid in 
specimens of citrated whole blood kept for 24 hr. 
at 20°. 


The authors thank Dr Russell Fraser and Dr Maxwell 
Jones for collecting most of the blood samples, Dr Maclay 
for his interest and the Rockefeller Foundation for sup- 
porting this investigation. 
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Inositol occurs in animal tissues in both free and 
combined forms. The occurrence of water-soluble 
combined inositol was first suggested by Rosen- 
berger [1908a,b, 1910]. Comparing the inositol 
contents of fresh rabbit muscle and commercial beef 
muscle, he came to the conclusion that animal 
tissues contain ‘inositogen’. This may be identical 
with the ‘tyrophenosit’ of Danileffski [1884], who 
reported, without giving data, a considerable in- 
crease in the inositol content of mice after 6 days’ 
autolysis at 37° in the presence of CHCl,;. Needham 
[1923] found that the skeletal muscle of a freshly 
killed rabbit contained only one-half the amount of 
inositol found in that of a rabbit killed 2 days 
previous to the estimation. An increase in the free 
inositol content of the skeletal muscle of rats oc- 
curred after autolysis of the tissues [Needham, 
1924]. Winter [1934], working on cardiac muscle of 
dogs, postulated the occurrence of three forms of 
inositol in animal tissues: ‘free’ inositol, determined 
after } hr. boiling with 10% KOH; ‘combined’ 
inositol, determined after 5 hr. boiling with 10% 
KOH, and ‘newly formed’ inositol, liberated after 
incubation at 37° in nitrogen. The cardiac muscle 
of the sheep, ox and pig contained no ‘combined’ 
inositol [Winter, 1940]. It is doubtful, however, 
whether much significance can be attached to any 
of Winter’s results, owing to the unreliability of the 
chemical methods he employed. Woolley [1941la] 
obtained inositol after acid or alkaline hydrolysis of 
an ethanol-insoluble, H,O-soluble, non-dialyzable 
substance isolated from liver. This was considered 
to be probably a phosphoric acid ester of inositol. 
Rapoport [1940] found that in bird and turtle 
erythrocytes a large proportion of the organic acid- 
soluble P is present in the form of phytic acid. 
Besides being present in animal tissues in water- 
soluble combined forms, inositol also occurs in brain 
and spinal cord bound in.a phosphatide fraction. 
Folch & Woolley [1942] isolated inositol from an 
acid hydrolysate of brain cephalin, and found that 
it constituted up to 10% of this phosphatide frac- 
tion and amounted to as much as 0-4% of the 
weight of the brain. 

It is evident that further work is required to 
elucidate the nature of the water-soluble combined 
forms of inositol in the animal body and the 
methods of breakdown and significance of both 
water-soluble and water-insoluble combined forms. 


Recent developments have, in fact, followed on the 
application of a microbiological technique [Williams, 
Stout, Mitchell & McMahan, 1941; Woolley, 1942]. 
The chemical methods at present available for the 
estimation of inositol in biological material [see 
Needham, 1923, 1926; Winter, 1934, 1940; Young, 
1934a,b; and Gregory, 1935] are, however, tedious, 
lengthy and involve the use of relatively large 
amounts of tissues. The method to be described is 
much quicker than previous ones and possesses 
several other advantages, including improvements 
in the extraction of inositol from tissues, the re- 
moval of interfering substances by ion exchange 
materials and the estimation of inositol, without 
isolation, by oxidation with periodic acid. 


METHODS 
Principle of the method of estimation 


Dried tissue is extracted with water and the frac- 
tions insoluble in 70% acetone and soluble in ether 
both removed from the aqueous extract. Glucose 
is then removed by yeast fermentation and both 
acidic and basic substances present in the extract 
removed by adsorption on a mixture of ion exchange 
adsorbents. The free inositol present in the extract 
is then quantitatively oxidized with HIO,, the 
excess HIO, being estimated iodometrically. Suit- 
able ccrrections are applied for any HIO, used in 
oxidizing the glycerol which may be present in the 
extract at this stage. 

Water-soluble combined inositol is determined 
after acid hydrolysis of the aqueous extract. 


Experimental 


Preparation of tissue for extraction. As soon as possible 
after death, the tissue is removed from the animal, sectioned 
on a freezing microtome and the sections dried in thin 
layers in Petri dishes in vacuo in the cold room over silica 
gel. Drying is completed in an oven at 110°, after which 
the material is powdered and kept in the cold until analyzed. 
The water content of another portion of the same tissue is 
determined by drying to constant weight at 110°. 

Extraction of inositol. An amount of dried powdered 
tissue containing approximately 0-5-1-0 mg. inositol (i.e. 
1-0-2-0 g. dry skeletal muscle powder) is brought to the 
boil with 50 ml. distilled water, filtered under reduced 
pressure through a small plug of cotton-wool in a funnel, 
and the vessel and filter washed with two portions of 5 ml. 
of distilled water. This process is repeated twice, the thyee 
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extracts pooled and evaporated to about 50 ml., and acetone 
added to give a final concentration of 70%. The precipitate 
is filtered off and the acetone removed from the filtrate by 
distillation. The extract is evaporated down to about 25 ml. 
and extracted with ether. The ether extract is washed once 
with about 20 ml. distilled water, and the washings added 
to the aqueous residue, which is then concentrated to 
approximately 30 ml. If it is desired to estimate the ‘com- 
bined’ water-soluble inositol as well as the ‘free’ inositol 
the aqueous extract can be divided into two portions and 
one hydrolyzed as described below. 

Removal of glucose. The only satisfactory method for the 
removal of glucose was found to be yeast fermentation, as 
used by Young [1934a]. Since some products of glucose 
fermentation have to be removed on the ion exchange 
adsorbents, the fermentation stage was carried out before 
the adsorption. 

A washed yeast suspension is prepared by shaking one 
part by weight of pressed baker’s yeast with five parts of 
distilled water, and centrifuging; this process is repeated 
four times and the suspension of washed yeast then made 
up to the original volume with distilled water. The sus- 
pension is prepared fresh each day and its potency tested 
by incubating 2 ml. with 25 ml. glucose solution (containing 
5 mg. glucose) for 10 min. at 37°, and estimating the re- 
ducing power of the supernatant fluid, obtained by centri- 
fuging, by Hagedorn & Jensen’s ferricyanide method, a 
blank being set up at the same time with yeast suspension 
and water only. 

The tissue extract is incubated at 37° with 2 ml. of the 
yeast suspension for 10 min. and then centrifuged. The 
supernatant liquid is siphoned into a boiling tube and the 
yeast washed twice by centrifuging with 10 ml. portions 
of distilled water, the washing being kept separate from 
the main supernatant fluid for the subsequent adsorption. 

Preparation of ion exchange materials and the removal of 
interfering substances from tissue extracts. After treatment 
with yeast, the extract is purified by the use of ion exchange 
materials, with a carbonaceous zeolite for cation exchanges 
and ‘M.P.D. Resin’ as an acid adsorbent. Both these are 
obtainable from Permutit Company, Limited. A brief 
account of the use of these substances for the purification 
of muscle extracts has been published [Platt & Glock, 1942]. 
The removal of creatine and creatinine from muscle extracts 


by this method proved to be much more efficient than by ° 


the precipitation technique of West & Petersen [1932] with 
HgSO, and BaCO,, which was employed by Young [19345]. 
Treatment of the extract with a mixture of regenerated, 
washed and dried carbonaceous zeolite and ‘M.P.D. Resin’ 
is more efficient than successive treatments with the two 
materials separately. With this technique, however, the 
adsorbing materials cannot be regenerated. 

250 g. or more of the carbonaceous zeolite are shaken 
gently at intervals for a period of 1 hr. with 2 vols. of 
2N HCl, filtered on a Buchner funnel and washed on the 
funnel with a total volume of approximately 5 1. of distilled 
water. The final washings should be neutral to litmus. This 
regenerated, washed cation exchange material is dried at 
100° and sieved so that the particles are of 20/40 mesh 
sieve size. The ‘M.P.D. Resin’ is treated in a similar way, 
but with 2N NH,OH instead of HCl. At least 11. of hot 
distilled water should be used to wash this reagent, in order 
to remove excess m-phenylene diamine which is liable to 
be present and which, if not removed completely, gives a 
blank reading with HIO,. These two regenerated, washed, 
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dried and sieved materials are mixed in equal parts by 
weight; this preparation will be called the ‘adsorbent’. 

15 g. of adsorbent are introduced into a tube approxi- 
mately 20 in. by ;%; in., narrowed at the bottom to ap- 
proximately ;*, in., and fitted with a small piece of rubber 
tubing carrying a glass tip and provided’ with a screw clip. 
The material is kept in position in the tube with a loosely 
packed plug of glass-wool. Before being treated with the 
tissue extract, the adsorbent is washed with a total volume 
of approximately 100 ml. of distilled water. The final 
washings must give no blank when allowed to react with 
5 ml. 0-01M HIO, for 10 min. at room temperature. To 
prevent the formation of air bubbles in the column, which 
would impede the passage of liquid, the tube should contain 
distilled water into which the adsorbent is poured, the 
level of the liquid being kept above the top of the ad- 
sorbent. After the adsorbent has been washed sufficiently, 
the supernatant liquid from the yeast treatment is poured 
into the tube and allowed to drip through the column at a 
rate such that the whole of the liquid passes through in 
approximately 90 min. When the liquid has passed through 
completely, the first 10 ml. portion of the yeast washings 
is poured into the tube, and the rate of flow adjusted so 
that this liquid passes through in approximately 15 min. 
The tube containing the column of adsorbent is sucked dry 
on a filter pump, and then a second 10 ml. portion of yeast 
washings is allowed to drip through the column, which is 
then sucked dry. The column is washed with the help of 
suction with 15 successive 5 ml. portions of distilled water. 
This amount of washing is found to be necessary and 
sufficient to obtain quantitative recovery of 1 mg. of added 
inositol. 

The assumption has been made that the only HIO,- 
reacting substances which are not removed from yeast- 
fermented muscle extracts by the adsorbent mixture are 
inositol and glycerol. 

Oxidation with HIO,. At the suggestion of Prof. H. 
Raistrick, we investigated the possibility of estimating 
inositol by oxidation with HIO,. Malaprade [1928 4, b, 
1934] found that polyhydroxy alcohols were oxidized quan- 
titatively by HIO, at room temperature. Fleury & Joly 
[1937 a, 6] used periodate for the estimation of inositol 
both in pure solution and in the presence of glucose, but 
under the conditions used by them the oxidation, when 
allowed to go to completion, used up much more periodate 
than was to be expected from the equation 


C,H,(OH), + 6HIO, =6HIO, + 6H.COOH, 


and they came to the conclusion that secondary reactions 
occurred. 

By allowing the reaction to go to completion at low 
temperatures (6-8°), we have found that the utilization of 
HIO, is quantitative. Formic acid, determined by titrating 
to pH 5-5 with 0-01N NaOH, with a mixture of chloro- 
phenol red and bromocresol green as indicator, has been 
produced to the extent of about 90% of the theoretical 
amount by the time the utilization of HIO, has reached 
the theoretical figure. Thereafter no more formic acid is 
formed. Some typical results for the reaction between 
HIO, and inositol in varying concentrations at 8 and 30° 
are given in Fig. 1. 

Differential oxidation of inositol and of glycerol by H1O,. 
After the removal of glucose from muscle extracts by 
fermentation with yeast, small amounts of glycerol remain. 
Some, no doubt, is extracted from the muscle and an 
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amount equivalent to approximately 4% of the glucose 
fermented is produced by fermentation. Attempts to re- 
move glycerol by making use of its slight solubility in ether, 
its reported solubility in dry ethyl acetate, and its fermen- 
tation by Bacillus proteus, all failed. Glycerol, in con- 
centrations of 0-2-0-9 mg./100 ml. solution, is, however, 
oxidized completely and quantitatively by 2 ml. 0-01M 
HIO, at 8° in 90 min. 


120; 


Ill 


20 


Percentage of theoretical reaction 


0 5 10 20 30 40 50 60 70 
Time of reaction in hours 


Fig. 1. Reaction of inositol with periodic acid. Extent to 
which the reaction 
C,H,(OH), +6HI10, 
is followed. 
I, 1 mg. inositol/10 ml. +5 ml. 0-01 M HIO, at 30°. 
IL, 1 mg. inositol/100 ml. + 10 ml. 0-01 M HIO, at 8°. 
III, 1 mg. inositol/100 ml. +5 ml. 0-01 M HIO, at 8°. 


=6H.COOH +6HIO, 


The percentage oxidation of glycerol (0-8 mg./100 ml.) 
by 2 ml. 0-01M HIO, at 8° at intervals up to 100 min. is 
as follows: 


Time inmin. 20 30 40 60 70 80 90 100 
% oxidation 53-0 68-6 79-8 95-6 98-0 100 100 100 


The time for complete oxidation of glycerol depends on 
the temperature at which the reaction is carried out and 
on the concentration of both glycerol and HIO,: e.g. at 6° 
1 mg. of glycerol in 10 ml. water is completely oxidized 
by 3-0 ml. 0-01M HIO, in 15 min. 

Concentrations of inositol of 0-5-2-5 mg./100 ml. react 
to the extent of 1-7-2-2% with 2-0 ml. 0-01M HIO, at 8° 
in 90 min. It was therefore ngcessary to determine (a) the 
total HIO,-reacting material (inositol plus glycerol) in 
100 ml. of solution treated with 10 ml. 0-01M HIO, at 8° 
for 48 hr., and (b) the material reacting under the same 
conditions of concentration and temperature with 2 ml. 
001M HIO, in 90 min. (6) includes the whole of the 
glycerol and approximately 2% of the total inositol. Thus 
the difference between (a) and (b) multiplied by 1-02 gives 
the inositol content of the solution. 

Absence of H1O,-reducing substances other than glycerol 
and inositol from fermented effluent. There is support for the 
assumption, that glycerol and inositol are the only HIO,- 
reacting substances left after fermentation and adsorption, 
in the fact that the glycerol content of the purified extracts, 
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calculated from the HIO, reduced under the conditions 
stated above, is identical with that calculated from the 
formaldehyde formed, estimated as the dimedone deri- 
vative. The only other possible substances which would 
react with HIO, are amino-acids. Tests for NH, production 
(from B-hydroxy amino-acids) with HIO, in strongly 
alkaline solution in a Conway unit were always negative, 
as also were tests for amino-N by formol titration. 

Estimation of free inositol. The effluent from the adsorp- 
tion procedure is made up to 200 ml. in a graduated flask 
and 100 ml. withdrawn. Both portions are cooled to 8°. 
To one portion are added 10 ml. 0-01M HIO, (also at 8°) 
and the reaction allowed to proceed for 48 hr. To the other 
portion, 2 ml. HIO, are added and the reaction is allowed 
to proceed at 8° for 90 min. If a temperature other than 8° 
is selected the time relationships for oxidation of both 
glycerol and inositol at this temperature must be deter- 
mined. The reaction is stopped in both cases by adjusting 
the pH to approximately 6-5 by the addition of 5 ml. 
phosphate buffer (12g. Na,HPO,.12H,O and 20 ml. N 
H,SO,/100 ml.), followed by 5 ml. 5% KI solution. After 
5 min. the I, paprecepand is titrated with approximately 
0-004N Na,S,0, with 1% soluble starch in saturated NaCl 
as indicator, the end- vents being stabilized by the addition 
of a few drops of saturated NaHCO, solution. 1 mg. 
inositol contained in 100 ml. distilled water is also allowed 
to react with 10 ml. 0-01M HIO, for 48 hr. at 8°, and the 
excess HIO, titrated as above. 

The HIO, reduced is obtained from the difference be- 
tween the titration of the purified tissue extract after 
reaction with HIO, and the blank titration obtained with 
the HIO, alone. 


Let x=HIO, reduced in terms of 0-004N Na,S,0, in 
48 hr. at 8°, 
y=HIO, reduced in terms of 0-004N Na,S,0, in 
90 min. at 8°, 
z =HIO, reduced by 1 mg. inositol in 48 hr. at 8°. 


The approximate inositol content in mg. of half the 
extract is given by (x-y)/z which should be multiplied 
by 1-02 (see above). 

Estimation of ‘combined inositol’. For the estimation of 
the water-soluble combined inositol, the extract is hydro- 
lyzed with acid [Woolley, 19416]. Both water-soluble frac- 
tions (i.e. ‘free’ and ‘combined’) are determined in the 
same sample of tissue, with twice as much tissue as in the 
procedure outlined above. Before fermentation, the extract 
is made to 50 ml., and one-half is refluxed for 6 hr. with 
HCl (final conen. 18% HCl). The HCl is removed by dis- 
tillation under reduced pressure, and the contents of the 
flask are washed out with distilled water to give a total 
volume of approximately 25 ml]. and then neutralized by 
the dropwise addition of N NaOH. 


Experimental diets 


Albino rats were put on an experimental diet, containing 
only small amounts of inositol, at 6 weeks of age and were 
in good condition when killed after an experimental period 
of 16} months. The diet consisted of casein (A/E, Glaxo), 
24%; sucrose, 67:5% (replaced by maize dextrin, after 
134 months on diet, for 2 months and by rice starch for 
last gp McCollum’s salt mixture (185), 4%; wheat- 
germ oil, 2%; dried yeast (Torula utilis, 95% o dry matter, 
containing not more than 2-7 mg. inositol/g.), 2-5 %» pn- 
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creased to 5% after 2 months on the diet; ascorbic acid 
2-5 mg. daily; vitamin A approximately 22-5 1.v. daily and 
vitamin D approximately 4-5 1.v. daily (both contained in 
2 drops of Radiostoleum diluted with peanut oil). Between 
8 and 12-5 g. of this diet, mixed to a thick paste with water, 
were fed daily to each rat. 


RESULTS 
Inositol content of rat tissues 


Table 1 contains the mean results of analyses of the 
tissues of four rats for water-soluble inositol, free 
and total (i.e. including combined). 


Table 1. Inositol content of rat tissues 


Water-soluble inositol 
(mg./100 g. tissue) 


Total 


A 


Free 





a Se ae C fa ‘ 

Dry wt. Wet wt. Dry wt. Wet wt. 
(a) Rats given 5 mg. inositol/day 
49-3 12-9 81-2 
Liver 85-2 24-8 178 
Heart 141-3 34:3 186 
Brain 241 55-8 286 
Kidney 328 88-0 456 123 


(6) Rats given no extra inositol 


24-0 6-3 76-2 
89-0 25-5 174 


Tissue 


Skeletal muscle 


21-3 
52-1 
45-3 
67-0 


18-3 
50-3 


Skeletal muscle 
Liver 

Heart 

Brain 

Kidney 


169 37- 295 66-1 
316 79: 426 113 


Our values for the total water-soluble inositol 
contents of rat tissues are of the same order as those 
found by other workers, including those recently 
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obtained by Williams e¢ al. [1941], with a micro- 
biological method, on tissue autolysates. The pro- 
portions of free to total water-soluble inositol are 
also of the same order as those obtained by 
Woolley [1942], who also used a microbiological 
method. 

It will be seen that there is no important differ- 


’ ence between the values for the total water-soluble 


inositol for the rats receiving the inositol-deficient 
diet, and those with added inositol. It thus appears 
that rats are able to synthesize inositol, which 
confirms the earlier work of Needham [1924]. 
Woolley [1942] also showed that mice could syn- 
thesize inositol in the gut if the diet was not 
deficient in pantothenic acid. 


SUMMARY 


1. A chemical method is described for the esti- 
mation of inositol in animal tissues. This possesses 
advantages over earlier methods in that the time 
taken for an estimation is considerably reduced, 
the method of extraction of inositol from the tissues 
improved, the tedious precipitation procedures re- 
placed by treatment with ion exchange materials, 
and the inositol finally estimated in solution by 
reaction with HIO, without isolation of the 
inositol. 

2. Both free and total water-soluble inositol Were 
determined in the kidney, heart, liver, brain and 
skeletal muscle of control rats, and of rats receiving 
a daily supplement of 5 mg. inositol. No appre- 
ciable difference was found between the total water- 
soluble inositol contents of the tissues in the two 
groups of rats. 
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The determination of ascorbic acid with aqueous 
2:6-dichlorophenolindophenol is not entirely specific 
for this vitamin unless special techniques for 
eliminating interfering substances are applied in 
each case. SO, has a particularly strong reducing 
action on indophenol, and, when used for the pre- 
servation of fruit juices and cordials or in the 
processing of dried fruits and vegetables, should be 
removed before the ascorbic acid content of these 
materials can be accurately determined. 

Three methods for eliminating free SO, have 
been described: (1) By boiling the extract and 
distilling off SO, [Kirkpatrick, 194l1a; Downer, 
1942]. (2) By passing a stream of O,-free N, 
through the extract [Mapson, 1942]. (3) By forma- 
tion of the non-reducing bisulphite compound of 
SO, with acetone [Mapson, 1942]. SO, in fruit 
juices sweetened with glucose or invert sugar forms 
the bisulphite compound with the hexose. In 
amounts of SO, up to 1300 parts per million 
(p.p.m.), indophenol titration is not affected unless 
the sugar concentration falls below 20% [Kirk- 
patrick, 19416). 

_The first two methods are lengthy, and only the 
third would be practicable as a routine method 
when: many samples are to be examined. In an 
attempt to find a method by which accurate results 
may be obtained without the necessity of a fixed 
rate of titration, the effect of adding H,O,, which 
rapidly converts SO, quantitatively into non-inter- 
fering H,SO,, has now been investigated. Initial 
experiments showed that the addition of an equal 
volume of 3% H,O, to an ascorbic acid solution 
acidified with one drop of concentrated HCl had 
no appreciable effect on the value obtained by 
indophenol titration, when the dye was added from 
the burette. The ascorbic acid was thus unaffected 
by the H,O,, and a diminution in titration value 
was experienced only when Fe or Cu salts were 
added to the ascorbic acid, and the solution was 
allowed to stand for some time before titration. 


EXPERIMENTAL 


In a detailed study of the effect of adding SO, and 
varying quantities of H,O, to ascorbic acid extracts 
from various sources, the experiments summarized 
in Table 1 were carried out. The end-point in each 
case was reached within 1 min. 


The Determination of Ascorbic Acid in the Presence of Sulphur Dioxide 
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Solutions and reagents employed 


Ascorbic acid solution: 6-25 mg. dissolved in 
100 ml. distilled water. For each titration 10 ml. 
were acidified with one drop of concentrated HCl. 

Orange juice solution: 20% (v/v) in distilled 
water. 

Cauliflower leaf: extract made with 2% HPO,. 

Parsley: extract made with 2% HPO,. 

0-05 % aqueous 2:6-dichlorophenolindophenol : 1 ml. 
was equivalent to 0-25 mg. ascorbic acid. 

Hydrogen peroxide: a 3% solution of B.P. quality. 

KHSO, solution: a 0-934 % (w/v) solution in dis- 
tilled water. 1 ml. added to 10 ml. ascorbic acid 
solution produced a SO, concentration of 450 p.p.m. 


DISCUSSION 


Table 1 shows that H,O, does not appreciably 
oxidize ascorbic acid, whether the latter is contained 
in pure aqueous solution (Exp. 2), orange juice 
(Exp. 8), or HPO, extract of vegetables (Exps. 
16 and 19), even after standing for 6 min. The use 
of HPO, as extractant has been reported to guard 
against the danger of oxidation of ascorbic acid by 
Fe or Cu, and this probably explains why cauli- 
flower and parsley extracts give good values after 
H,O, addition, in spite of traces of dissolved mineral 
salts. The addition of more Fe or Cu salt, however, 
causes slow oxidation (Exp. 21). H,O, has no effect 
on unreduced indophenol (Exp. 6). 

In all experiments the addition of KHSO, gives 
rise to very high titration values, but H,O, 
neutralizes the effect of the SO,, and the original 
titration figure is obtained. 

In all experiments in which H,O, has been added 
to ascorbic acid solutions, the end-point with indo- 
phenol is a permanent pink. This colour deepens at 
varying speeds due to reoxidation of the reduced 
and decolorized indophenol (leuco-compound) to 
the original coloured form. The rate of reformation 
of indophenol is very slow with a concentration of 
1-5-2 % H,O, (Exps. 10 and 11) and is more rapid 
with 0-075% H,O, (Exp. 14). The reoxidation of 
reduced indophenol is still more rapidly catalyzed 
with added Fe and Cu salts (Exp. 21). The diminu- 
tion in the titration value with lower concentrations 


- of H,O, (e.g. 0-075%) is most probably due to 
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Table 1. Haperiments showing the effect of H,Q, on the indophenol titration of sulphited 
and unsulphited ascorbic acid extracts 


Indophenol End-point and remarks 
Solution titration (A=pink; permanent | min. 
oxp. used KHSO, added 3% H,O0, added value B=pink; colour deepens very 
no. (ml.) (ml.) (ml.) (ml.) slowly on standing) 
Ascorbic acid : 

1 10 — _ 2-5 A 

2 10 _ 10 2-45 B 

3 10 1 a >4 Strongly reducing 

4 10 1 10 2-45 B 

5 10 -— 10 (stood 6 min.) 2-3 B 

6 Nil ~~ 10 +10 ml. water and <0-05 A 

1 drop cone. HCl 
Orange juice 

7 10 ~ = 3-9 4 

8 10 —- 10 3-9 B 

9 10 1 — >7 Strongly reducing 
10 10 1 20 3°8 B 
11 10 1 10 3-8 B 
12 10 1 5 3-8 Pink colour deepens slightly 

more rapidly 
13 10 1 1 3-7 Colour deepens more rapidly 
14 10 1 0-5 3-6 Colour deepens rapidly 
Cauliflower leaf 
15 10 — — 1-52 
16 10 _ 10 1-52 B 
17 10 1 ‘ 10 1-52 B 
Parsley 
18 10 — — 6-65 A 
19 10 — 10 (stood 6 min.) 6-6 B 
20 10 1 10 6-65 B 
21 10 1 +traces FeCl, 10 6-1 Pink colour deepens very 
and CuSO, rapidly 


reoxidation of reduced indophenol during the titra- of the whole is added. Indophenol is run in from 
tion, and reduction of the reformed indophenol by a burette until a permanent pink colour is obtained. 
ascorbie acid still present. A great advantage of The end-point should be reached within 1 min. 
the H,O, procedure is that the pink end-point does 

SUMMARY 


not fade. 
1. A method for the elimination, by means of 


¥ i e pots. . shir ren in ° * . 

General method for estimation of ascorbic acid H,0,, of the interference of SO, in ascorbic acid 
in solutions containing sulphite titeidcein in Mention. 

The acidity of a measured portion of the solution 2. Under the conditions used, H,O, has no appre- 


is brought below pH 3-5 by the addition of HCl, if ciable effect on ascorbic acid, unless Fe or Cu salts 
necessary, and a volume of 3% H,O, equal to that are present. 
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The Determination of Ascorbic Acid in the Presence of Interfering 
Substances, Notably Reductones 


By L. F. LEVY, Government Chemical Laboratories, Johannesburg, South Africa 
(Received 5 November 1943) 


Reductone, reductic acid and other compounds ascorbic acid. In fact Kertesz [1934] suggested a 
formed in hot alkaline sugar solutions reduce 2:6- method of determining the ascorbic acid equivalent 
dichlorophenolindophenol in the same way as does’ of indophenol solutions by titrating the gluco- 





saa gn 
o eit in he i 





43 


QS 


at 


Vol. 37 


reductone produced under standard conditions from 
glucose and NaOH. Shinohara [1938] observed that 
the reaction of ascorbic acid with iodine was slow 
when the acidity was greater than that corre- 
sponding with N/2 HCl, the end-point being de- 
scribed as indefinite. This fact has now led to a 
more detailed investigation into the effect of strong 
acid on the titration of ascorbic acid with indophenol 


or iodine. 
“ 


{XPERIMENTAL 
Titration with indophenol 


When concentrated HCl is added to ascorbic acid solutions, 
reversible oxidation becomes progressively slower as the 
HCl concentration increases. When the HCl content reaches 
20% (2-5 parts of 36% HCl to 2 parts of solution) or more, 
the pink colour produced with one drop of indophenol 
remains visible for 2 min. On dilution of this solution with 
5 vol. of water, indophenol is again reduced to the same 
extent as in non-acidified solution. The end-point is definite 
and stable. 

Exp. 1. Stability of ascorbic acid in the presence of 20% 
HCl. A solution of ascorbic acid was prepared of indo- 
phenol equivalent 3-95 ml./10 ml. Portions of 20 ml. were 
treated with 25 ml. 36% HCl. This mixture gave no titra- 
tion. At different times 100 ml. water were added to these 
20 ml. portions, and the solution was titrated, the indo- 
phenol being added from the burette. 


Time (hr.) Indophenol equiv. (ml.) 
0 3-95 
1 3-95 
3 3-95 
24 3-6 


The acid thus has no effect on the final titration value 
after dilution, in periods up te 3 hr. 
Exp. 2. Fresh orange juice titrated with and without the 

addition of concentrated HCl: 

2 ml. orange juice = 2-3 ml. 0-05 % indophenol, 

2 ml. + 3-0 ml. 36% HCl= 0-4 ml. indophenol. 
2-5 ml. 36% HCl suffices for an initial concentration of 20% 
HCl, but an extra 0-5 ml. was added in order to compensate 
for dilution of the acid by the aqueous indophenol. The 


‘end-point was taken when the pink colour persisted for 


20 sec. (‘20 sec. end-point’). On dilution with 25 ml. water 
the titration was continued to 2-3 ml. The ascorbic acid 
equivalent is therefore considered to be 1-9 ml. indophenol, 
the residual 0-4 ml. being due to interfering substances. 

Exp. 3. Guava, lucerne and parsley. Extracts of these, 
prepared with HPO,, gave no indophenol titration in the 
presence of 20% HCl. These substances thus contain no 
interfering material, and the total titration is due to 
ascorbic acid. On dilution with water the full titration 
value is obtained. 

fap. 4. Glucoreductone. A solution of this was prepared 
by the method of Kertesz [1934]. Of this solution 2 ml. 
were equivalent to 1-8 ml. indophenol (5 sec. end-point). 
Preliminary tests showed that the mixture (2 ml. solution 
+2-5 ml. 36% HCl) reduced indophenol. The titration was 
carried out in the following manner. As in Exp. 2, an 
extra 0-5 ml. HCI was first added, and then the indopheno! 
slowly, with shaking. After the addition of each 0-4 ml. 
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indophenol, an extra 0-5 ml. HCl was required. The end- 
point (persistence of pink colour for 20 sec.) was reached 
with 1-8 ml. indophenol and 2-5 ml. additional acid. Thus, 
under the conditions described, glucoreductone reduces 
indophenol fully in the presence of HCl. The rate of re- 
duction of indophenol was very much retarded. 

Exp. 5. Titration of ascorbic acid in presence of reductone. 
An aqueous ascorbic acid solution was prepared, 1 ml. of 
which was equivalent to 0-8 ml. indophenol (constant end- 
point): 

2 ml. glucoreductone + 1 ml. ascorbic acid 
= 2-6 ml. indophenol (5 sec. end-point), 
2 ml. glucoreductone +1 ml. ascorbic acid + HCl 
(3-8 ml. giving initially 20% HCl+5 additional 
quantities of 0-5 ml., as in Exp. 4) 
= 1-8 ml. indophenol (20 sec. end-point). 
On dilution ofthe last solution with 25 ml. water, a re- 
newed titration of 0-8 ml. indophenol (constant end-point) 
resulted. The titration in the presence of strong acid gives 
the glucoreductone equivalent. After dilution with water 
the extra titration gives the ascorbic acid equivalent. 


Differentiation between ascorbic acid and gluco- 
reductone. Three separate titrations are involved: 
(1) At pH c. 3 the titre represents the two sub- 
stances together. (2) In the presence of at least 
20% HCl, indophenol titrates only glucoreductone. 
The difference between the titrations (1) and (2) 
represents the ascorbic acid present. (3) On dilu- 
tion of the reaction mixture from (2) with water 
and continuation of the titration to the final end- 
point, the exact equivalent of ascorbic acid is 
reached. This final titration serves as a check on 
the value found above by difference. 

This technique was successfully applied to an 
examination of biscuits which had been fortified 
with concentrated orange juice. High vitamin C 
values were claimed for these biscuits, but it was 
found that on titration ordinary plain biscuit gave 
figures of 20-60 mg. apparent ascorbic acid/100 g. 
These values were obviously due to reductone-like 
substances extracted by HPO,. When the biscuit 
extracts were treated with HCl as described above, 
no diminution in the titration value was observed. 
Thus no ascorbic acid was present in either of the 
samples. The vitamin C from the orange juice con- 
centrate must have been destroyed in the process 
of baking. 

Titration with N/400 iodine 

The titration of ascorbic acid with iodine is also 
affected by the addition of concentrated HCl. The 
addition of the mineral acid to ascorbic acid solu- 
tions at first decreases the rate of reversible oxida- 
tion. When a concentration of 29% HCl is reached, 
iodine is no longer reduced, a higher acid concen- 
tration being required for this stage to be reached 
than in the case of indophenol. On. dilution with 
water the total ascorbic acid reducing capacity is 
restored. These titrations are best carried out hy 
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adding the iodine to the solution in a 50 ml. 
pear-shaped separating funnel, containing 1 ml. of 
CHCl,, and then shaking after the addition of each 
drop. One drop of N/400 iodine in excess produces 
a definite pink coloration in the CHCl, layer. 
Alternatively, the technique of McHenry & Graham 
[1935] for the titration of coloured extracts can be 
applied. At the very high acid concentration re- 
quired, the titration of glucoreductone is no longer 
accurate. Consequently, iodine is not a suitable 
reagent for distinguishing between glucoreductone 
and ascorbic acid. 





Estimation of ascorbic acid under 
various conditions 


(a) In the presence of Na,S,0,;. Aqueous solu- 
tions of Na,S,O, give the full titration value both 
with indophenol and iodine in the presence of the 
requisite amount of HCl, although the rate of re- 
duction is greatly diminished. Either reagent may 
therefore be used to determine ascorbic acid in the 
presence of Na,S,O3. 

(b) In fermented products. A fermented brew 
known as ‘kaffir beer’ made from maize or sorghum 
malt contains a small amount of ascorbic acid [Delf, 
1921]. It has been shown that titration of the brew 
with indophenol must be carried out at pH 1-2 in 
order to obtain reliable results [Fox & Stone, 1938]. 
In the presence of excess HCl a remarkable reaction 
takes place in that the titration with indophenol is 
increased instead of decreased. With the iodine 
technique described above the true ascorbic acid 
content of the beer can be correctly determined, as 
in the following experiment: 


(a) With starch as indicator, 5 ml. beer+1 drop HCl 
=1-0 ml. N/400 iodine. 

(6) 5ml. beer +20 ml. HCl (1 ml. chloroform) = 0-85 ml. 
N/400 iodine. In this case 4 drops of concentrated HCl 
were added with each drop of indophenol to maintain the 


concentration of acid. 
(c) On dilution of the last solution with water a titration 
of 1-0 ml. N/400 iodine was obtained. 


5 ml. beer thus contained ascorbic acid equi- 
valent to 0-15 ml. N/400 iodine, i.e. 0-66 mg. as- 
corbie acid/100 ml. This value agrees with that 
obtained by indophenol titration at pH 1-5. 


L. F. LEVY 
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(c) In urine. The addition of HCl causes a dark- 
ening of urine, and the end-point of the reaction 
with indophenol becomes difficult to see. This can 
be greatly improved by preparing a comparison 
flask of urine and acid. When iodine is the reagent, 
the end-point is readily seen in the pink colour of 
the CHCl, layer. 

At about pH 3 the combined titration of ascorbic 
acid and Na,S,O, in urine gives a satisfactory end- 
point, but the titration of Na,S,O, in the strongly 
acid medium is not complete. In the presence of 
this substance the values found for ascorbic acid 
would, therefore, be too high. 


A suggested explanation of the behaviour of 
ascorbic acid with concentrated HCl 


A solution of ascorbic acid is a tautomeric mix- 
ture of the dienol- and keto-enol forms. In a weakly 
acid solution the mobility of the ionizable H atom 
permits enolization. However, in the presence of 
an abundance of H ions due to the addition of HCl, 
depression of the ionization results in the vitamin 
being converted completely into the keto-form. 
Both indophenol and iodine react with the enol- 
form and not at all with the keto-form. For com- 
plete titration free tautomerism from the keto- to 
the enol-form is necessary. Since no titration takes 
place with strong HCl, it is probable that only the 
keto-form is present. On dilution with water, enoli- 
zation is again facilitated, and titration proceeds 


to completion. 
SUMMARY 


1. Ascorbic acid is inert to indophenol or iodine 
in presence of 20% or 29% HCl, respectively, 
but on dilution with water the usual reaction 
occurs. 

2. Indophenol is reduced in presence of 20% 
HCl by glucoreductone and other interfering sub- 
stances. 

3. Ascorbic acid determination in the presence 
of glucoreductone by a differential titration method 
is described. 

4. It is suggested that, in presence of moderately 
concentrated HCl, ascorbic acid is in the unre- 
ducing keto-form. 


REFERENCES 


Publ. S. Afr. Inst. med. Res. 2, 


Delf, E. M. [1921]. 
no. 14, 47. 

Fox, F. W. & Stone, W. [1938]. S. Afr. J. med. Sci. 
a: 2. 


Kertesz, Z. I. [1934]. J. biol. Chem. 104, 483. 

McHenry, E. W. & Graham, M. [1935]. Biochem. J. 
29, 2013. 

Shinohara, K. [1938]. J. pharm. Soc. Japan, 58, 279. 











rison 
rent, 
ir of 


rbic 
end- 
ngly 
2 Of 
acid 


mix- 
akly 
tom 
e of 
HCl, 
min 
orm. 
nol- 


- to 
akes 

the 
noli- 


line 
ely, 
tion 


0% 
sub- 


nce 
hod 


tely 
nre- 


_d 





Studies on the Synthesis of Hyoscyamine in Atropa belladonna L. 
and Datura stramonium L. 


By B. T. CROMWELL, Department of Botany, University College, Hull 


(Received 10 November 1943) 


In previous papers [Cromwell, 1933, 1937], experi- 
ments on the biosynthesis of the alkaloids berberine 
and hyoscyamine in Berberis darwinti and Atropa 
belladonna respectively led to the conclusion that 
these alkaloids are synthesized from products of 
carbohydrate and protein breakdown. 

This work has been continued with the object of 
throwing further light on the nature of the inter- 
mediate reactions leading to the formation of 
hyoscyamine in Atropa belladonna and Datura 


stramonium. 
METHODS 


Material. Plants of Atropa belladonna and Datura stra- 
monium were raised from seed and set out in plots or 
grown in pots. 

Preparation of material for estimation of total alkaloid. 
Leaves were rapidly dried at a temperature of 60° in an 
oven and ground to fine powder. Samples of root 4 in. 
in diameter were detached from the crowns in the case of 
Atropa, washed thoroughly, cut into pieces and dried at 
60°. Roots of Datura were also washed, and dried at 60°. 
When completely dry, the roots were ground to fine powder. 

Estimation of total alkaloids. Leaf or root powder (5-10 g.) 
was exhaustively extracted with dry ethanol in a Soxhlet 
extractor. The extract was transferred to an evaporating 
basin and the ethanol removed on a water-bath at 60-70°. 
The resinous residue was extracted with 50 ml. 0-5N H,SO, 
and subsequently washed twice with 25 ml. portions of 
acid. The combined extracts and washings were next 
shaken with 100 ml. of a mixture of 4 vol. of ether and 
1 vol. of chloroform, to remove impurities. The acid extract 
was made alkaline with dilute ammonia and the bases 
shaken out with three 100ml. portions of the ether- 
chloroform mixture. The three extracts were combined 
and the solvent distilled off. The residue was treated with 
two portions of 10 ml. ether which were completely re- 
moved by evaporation at 80°. Volatile bases and free 
ammonia were driven off by heating on the water-bath at 
100° for 15 min. The residue was dissolved in 25 ml. N/50 
H,SO, and the excess titrated with N/50 NaOH with 
methyl red as indicator, and the results calculated in terms 
of hyoscyamine. (1 ml. of N/50 acid=0-005784 g. hyos- 
cyamine.) 

Recovery of hyoscyamine as picrate gave proof that this 
base is chiefly responsible for the titration values obtained. 
The theoretical amount of aqueous picric acid was added 
to the alkaloid solution after neutralization, and the 
crystals (plates) purified by recrystallizing twice from 
water. The picrate obtained had m.p. 163-164°. (Found: 
N, 10-89%. Calc. for hyoscyamine picrate, N, 10-81%.) 
Pure hyoscyamine picrate has m.p. 165°. 
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The results obtained from four plants of Atropa bella- 
donna are given in the following table: 


Titra- 
Titra- tion 
tion value Theore- 
value (asg. tical 
Wt. of (ml. hyo- wt.of Picrate 
powder N/50 scy- picrate found % re- 
(g-) H,SO,) amine)  (g.) (g-) covery 
(1) 5 (leaf) 39 0-022 0-039  0-0242 62 
5 (root) 58 0-033 0-059  0-0386 65 
(2) 10 (leaf) 8-1 0-046 0-082 00597 73 
10 (root) 103 0-059 0-105 00793 75 
(3) 20 (leaf) 16-7 0-096 0-172 0-1446 84 
20 (root) 20-1 0-116 0-207 00-1782 86 
(4) 50 (leaf) 43-2 0-249 0-447 04120 92 
50 (root) 543 0-314 0-562 0-5152 92 
RESULTS 
Alkaloid and carbohydrate content of 
Atropa belladonna 


(1) Normal plants (seasonal variation). Samples 
of root, stem and leaves were taken from 2-year-old 
plants. The figures given in Table 1 represent the 
average content of six plants. Qualitative experi- 
ments on carbohydrate distribution are recorded 
in Table 2. 


Table 1. Seasonal variation of hyoscyamine 
content of Atropa belladonna 


g. alkaloid/100 g. dry wt. 


Month Root Stem Leaf 

Jan. 0-42 — — 

Feb. 0-40 _— — 

Mar. 0-38 “= 0-60 (shoots) 
Apr. 0-42 + 0-51 (shoots) 
May 0-56 — 0-39 

June 0-59 0-12 0-45 

July 0-62 0-16 0-48 

Aug. 0-61 0-14 0-45 

Sept. 0-60 0-10 0-43 

Oct. 0-61 0-10 0-43 

Nov. 0-56 — — 

Dec. 0-52 — — 


(2) Etiolated plants. At the beginning of March, 
before growth commenced, large plant pots were 
placed over the crowns of plants. Control samples 
were taken of roots. At the end of May furthér 
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Table 2. Seasonal distribution of carbohydrates 
linea: Summer Autumn Winter 
Reducing sugars + + Es 
Non-reducing sugars - + + 
Starch + +++ +++ 
(wood and pith) 
Stems: 
Reducing sugars + + 
Non-reducing sugars ++ + 
Starch - Trace 
Leaves: 
Reducing sugars + Trace 
Non-reducing sugars ++ a 
Starch - Trace 


Tannins were present in leaves, stems and roots in all 
seasons. Arginine was present in leaves and roots. 


examination of roots was made and also of the 

etiolated shoots which had been formed. The results 

of this experiment are shown in Tables 3 and 4. 
Table 3. Hyoscyamine content of etiolated plants 


g. alkaloid/100 g. dry wt. 











c ay 
Roots 
— — Etiolated 
Plant Control Experimental shoots 
A 0-40 1-10 0-43 
B 0-37 0-98 0-45 
C 0-41 1-20 0-41 
D 0-37 0-88 0-45 
E 0-45 1-51 0-47 
F 0-42 1-52 0-47 


Table 4. Distribution of carbohydrates 
in etiolated plants 


Etiolated 
Roots shoots 
Reducing sugars ~ 
Non-reducing sugars + ++ 


Starch - a 


Arginine was present in both roots and shoots. 


The translocation of hyoscyamine in 
Atropa belladonna 


The upward and downward movement of alkaloid 
was studied by two methods, (a) examination of 
the exudate from cut stems and (6b) grafting 
experiments. 

Exudate from stems. The shoots of 2-year-old 
plants were cut to within 3 in. of the crown, and 
stout rubber tubing, provided with a screw clip, 
immediately slipped over the stumps. Glass tubes 
were inserted and supported by retort stands. 
10 ml. distilled water were run into the tubes and 
the level marked. After one week had elapsed the 
exudate from the stumps was collected and esti- 
mated for hyoscyamine. 20ml. of the exudate 
from each of three plants gave respectively 1-1, 
1-3 and 0-9 mg. hyoscyamine. 


B. T. CROMWELL 
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Grafting experiments. Experiments were carried 
out using A. belladonna roots as stocks and tomato 
shoots as scions and vice versa. Samples of root 
were removed from A. belladonna stocks before the 
experiment, and hyoscyamine estimated. After a 
period of 5 weeks the tomato scions were examined 
qualitatively and quantitatively for alkaloid. The 
Vitali test was applied to a water extract of one of 
twelve scions and gave a strongly positive reaction 
for hyoscyamine. The remaining scions were dried 
and estimated quantitatively. The results are shown 
in Table 5. 


Table 5. Hyoscyamine content of A. belladonna 
stocks and of tomato scions 


g. alkaloid/100 g. 


dry wt. 
rnc NSS 

Experi- 

Control mental 
(a) A. belladonna stock: A 0-52 0-51 
B 0-56 0-53 
Cc 0-52 0-50 
D 0-54 0-51 
(b) Tomato scions 0-12 — 


The grafting of A. belladonna on tomato stocks 
proved unsatisfactory, only two scions out of twelve 
surviving. The stocks carrying these scions gave a 
trace of hyoscyamine by the Vitali test. These 
experiments show that upward movement of alka- 
loid from the root system of A. belladonna takes 
place freely, while downward movement from the 
leaves is very restricted. 


The influence of the injection of various substances 
on the production of alkaloid 


Solutions of potassium nitrate, ammonium sul- 
phate, asparagine, urea, nitrogenous bases and 
amino-acids, alone and in association with glucose, 
were injected into plants of Atropa (2 years old) 
and Datura, with the object of observing the effect 
on the plants and on the production of alkaloid. 

Petiolar and stem injections were first carried out 
but did not prove satisfactory. Injection through 
the stump of a stem proved the most rapid and 
reliable method of introducing solutions into Atropa 
plants, and branch injection in the case of Datura. 

The solution was contained in a litre aspirator 
bottle placed 3 ft. from the ground and was con- 
veyed to the cut end of the stump through stout 
rubber tubing provided with a screw clip. To avoid 
air locks the tubing was filled with solution by 
opening the screw clip before connexion was made. 
With good transpiration as much as 400 ml. of 
solution passed into Atropa plants in 3 days. 
100 ml. was the average volume which passed into 
Datura plants. Samples of leaves and roots were 
taken before and after the injection period. 
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Preliminary injections were carried out with 
eosin solution to determine the extent and distri- 
bution of injected fluid, and it was found that the 
dye reached the greater part of the root and shoot 
system of the plants. In these experiments 2% 


Table 6. Influence of the injection of various 
substances on the alkaloid content of the plants 


(Values given represent the mean of three injections on 


separate plants.) 
g. alkaloid/100 g. dry wt. 


Leaf Root 
Reese | peri aeons 
Con- Experi- Con- Experi- 
Solution injected trol mental trol mental 
A. Atropa belladonna 
Potassium nitrate 037 0:36 0-55 0-56 
Do. +glucose 0-45 0-47 0-64 Q63 
Ammonium sulphate 0-43 0-47 0-53 0-55 
Do. + glucose 0-47 0-49 056 0-60 
Asparagine 0-43 80-44 0-60 0-62 
Do. +glucose 0-42 0-46 059 0-62 
Glycine 039 860-41 055 0-58 
Do. +glucose 0-46 0-48 0-63 0-66 
Arginine 0-45 0-48 065 0-67 
Do. +glucose 0-44 0-52 058 0-61 
Lysine 0-45 0-45 055 0-58 
Do. +glucose 0-41 0-44 0-52 0-54 
Proline 0-42 0-45 055 0-56 
Do. + glucose 0-41 0-45 059 0-61 
Putrescine (dihydrochloride) 0-44 0-67 0-62 0-65 
Do. + glucose 0-44 0-70 0-60 0-67 
Cadaverine (dihydrochloride) 039 0-40 0-60 0-62 
Do. +glucose 0-41 0-41 0-63 0-64 
Choline (chloride) 0-40 0-42 0-61 0-62 
Do. +glucose 0-44 0-48 0-60 0-64 
Betaine (hydrochloride) 9-45 0-45 0-69 0-65 
Do. +glucose 0-39 3860-41 0-61 0-62 
Methylamine (hydrochloride) 0-42 0-43 058 0-60 
Do. +glucose 0-38 0-42 0-66 0-69 
Dimethylamine (hydrochloride) 0-45 0-45 0-62 0-64 
Do. +glucose 0-41 0-45 0-64 0-65 
Trimethylamine (hydrochloride) 0-43 0-42 0-57 0-58 
Do. +glucose 0-49 0-52 0-59 0-59 
Hexamethylene tetramine 0-47 0-49 0-72 0-72 
Do. +glucose 0-42 80-47 058 0-61 
Formamol (hexamethylene 0-45 0-48 055 0-58 
tetramine-anhydro-methylene 
- citrate) 
Do. +glucose 0-43 0-49 0-62 0-68 
Succinimide 0-44 0-43 0-65 0-67 
Do. +-glucose 0-49 80-49 0-69 0-68 
Urea 0-43 0-43 0-58 0-55 
Do. + glucose 0-41 0-42 0-61 0-60 
B. Datura stramonium 
Asparagine 0-31 0-34 0-25 0-26 
Do. +glucose 0-32 0:36 0-26 0-29 
Putrescine (dihydrochloride) 0-33 0-33 0:22 * 0-25 
Do. +glucose 0-32 0-36 0-22 0-29 
Glycine 0-29 0-31 0-27 0:30 
Do. +glucose 0-33 0-36 0-25 0-29 
Arginine 034 034 0-29 0-32 
Do. +glucose 0-33 0:36 0-30 0-32 
Formamol 031 0:35 0-28 0-30 
Do. + glucose 0:36 0-39 0-27 031 
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solutions of glucose and 0-25% of all other sub- 
stances were used and the duration of injection was 
7 days. None of the substances injected at these 
concentrations appeared to injure the plants. 

The results of the injection experiments are shown 
in Table 6; an increase of 0-05 g. hyoscyamine/100g. 
dry weight is considered significant. 

Injections of arginine with glucose, putrescine 
alone and with glucose, hexamine with glucose and 
formamol with glucose gave substantial increases 
in the hyoscyamine content of Atropa belladonna. 
Putrescine with glucose and formamol alone gave 
the best results with Datura stramonium. 

Material from a second experiment on the injec- 
tion of putrescine was used to check the titration 
values obtained in the first experiment, and to 
endeavour to show, by isolation as picrate, that 
increase of hyoscyamine is responsible for the in- 
creased titration value after putrescine injection 
(Table 7). 

The theoretical amount of picric acid was added 
to the combined neutralized solutions from three 
plants of Atropa belladonna to ensure a good re- 
covery of the alkaloid picrate. 10 g. samples of leaf 
and root powder were extracted in each case. 


Volatile base content of normal and etiolated 
plants of Atropa belladonna 


The volatile bases pyridine, N-methyl] pyrrolidine 
and N-methyl pyrroline are present in the leaves 
and roots of Atropa belladonna and Datura stra- 
monium. Unfortunately a reliable method for sepa- 
rating and estimating these bases could not be 
devised, but it seemed desirable to examine in 
normal and etiolated plants the content of volatile 
bases extractable with ether-chloroform mixture. 
The procedure adopted was similar to that for the 
estimation of hyoscyamine with the exception that 
N NaOH was used for the liberation of the bases, 
which were then distilled into standard acid. The 
base content was calculated in terms of N-methyl 
pyrrolidine (Table 8). 


DISCUSSION 


As a preliminary to further investigations on the 
nature of the intermediates in the synthesis of 
hyoscyamine, it was considered desirable to obtain 
more information on the behaviour of the alkaloid 
in the plant organs throughout the entire year, and 
also to carry out translocation experiments with 
the object of locating the tissues in which synthesis 
takes place. 

The results of experiments on the exudate from 
cut stems and on grafting indicate clearly that 
hyoscyamine moves in an upward direction from 
root to shoot system, and will pass into a scion 
which does not normally contain it. Although 
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Table 7. The effect of injection of putrescine on the yield of hyoscyamine 


(1) Putrescine (dihydrochloride): 


Combined titration value of 3 plants (g. hyoscyamine) 


Theoretical weight of hyoscyamine picrate (g.) 
Weight of picrate found (g.) 


(2) Putrescine (dihydrochloride) + glucose: 


Combined titration value of 3 plants (g. hyoscyamine) 


Theoretical weight of hyoscyamine picrate (g.) 
Weight of picrate found (g.) 


Root 
eo OF 
Experi- 
mental 


Leaf - 
co 
Experi- 
Control mental Control 
0-184 
0-329 
0-2896 


0-166 
0-297 
0-2583 


0-180 
0-322 
0-2706 


0-123 
0-220 
0-1871 


0-188 
0-336 
0-2862 


0-155 
0-277 
0-2383 


0-203 
0-363 
0-3195 


0-139 
0-249 
0-2138 


The picrates obtained had m.p. 163-164° (N content of sample 10-79%). 


these experiments do not prove that the root 
system is the locus of synthesis, the evidence is 
strongly in favour of this view. In plants growing 
under normal conditions it is therefore probable 
that the alkaloid is formed principally in the root 


Volatile base content of normal 
and etiolated plants 


Content of volatile base 
calculated as g. N-methyl 
pyrrolidine/100 g. dry wt. 


(a) Normal plants 
Leaves 
0-07 
0-09 
0-07 
(6) Etiolated plants 
Shoots 
0-12 
0-14 
F 0-18 


Table 8. 


Roots 
0-09 
0-13 
0-10 


and moves upwards through the vessels into the 
stems, leaves, fruits and seeds. It would appear 
that downward movement is very restricted. The 
work of Dawson [1941] on the tobacco plant simi- 
larly leads to the conclusion that nicotine is synthe- 
sized mainly in the root and that it moves from the 
root system via the xylem to the leaves. Shmuck, 
Smirnow & Ilyin [1941] also conclude from their 
grafting experiments that the synthesis of nicotine 
by Nicotiana is intimately connected with the root 
system and the stem. Kerkis & Pigulevskaya [1941] 
found atropine in all parts of tomato scions grafted 
on Datura stramonium. 

The leaves of Atropa plants growing in full sun 
generally give a higher yield of alkaloid than plants 
growing in shade, and it is possible that the greater 
transpiration occurring in such plants would tend 
to draw up more alkaloid from the root system. 


Sievers [1921], working with Datura spp., found that 
removal of flower buds brought about an increase 
in alkaloid content of leaves. This finding may be 
interpreted on the assumption that alkaloid which 
would normally reach the fruits and seeds would 
be diverted to the leaves. 

The seasonal distribution of alkaloid in roots, 
stems and leaves justifies, in the main, conclusions 
drawn from translocation experiments. For leaf 
tissues a minimum occurred in May (sufficient fully 
developed leaf material was not available before 
May), and a maximum in July, after which there 
was a slight fall until October, when the plants 
were killed by frost. The low concentration in the 
stems and the comparatively high concentration in 
the leaves during autumn show that little downward 
movement had taken place and therefore, on the 
subsequent death of leaves and stems, a consider- 
able amount of alkaloid is lost to the plant. The 
peak of concentration is coincident with full 
maturity of the plant. 

In normal seasons buds develop on the crowns 
during late autumn and remain dormant through- 
out the winter. Mild winters, however, may induce 
considerable growth of these buds, which may 
assume the form of shoots in February. 

Analysis of entire shoots made in early March 
reveals a substantially high alkaloid content, but 
leaves detached in May from strongly growing 
shoots give yields which are low for leaf tissues. 
In the root a minimum occurs in March and a 
maximum in July, and from July until November 
the concentration is well maintained. From Novem- 
ber to March an appreciable loss takes place which 
may be correlated with the development of buds 
and shoots at this period. From conclusions reached 
regarding translocation it would appear that loss of 
alkaloid takes place from root to shoot system. 
Later work, however, has shown that synthesis 
may take place to some extent in shoots developing 
in absence of light, and this was previously found 
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to be true for leaves from which light was excluded 
(Cromwell, 1937]. 

The distribution of carbohydrates follows the 
course usual for the majority of perennial plants. 
Starch is the principal carbohydrate stored in the 
roots during winter and is mobilized in the spring. 
During the summer months a trace of starch is 
present in the leaves, whereas mobile sugars are 
abundant in both leaves and stems. The high con- 
centration of alkaloid found in the roots of plants 
from which light had been excluded during initial 
development is particularly significant. Non-re- 
ducing sugars and arginine also are present in roots 
and etiolated shoots, and therefore conditions for 
synthesis would be optimum, on the assumption 
that products of carbohydrate breakdown and 
amino-acids are the essential raw materials. On the 
other hand, it could be argued that the high content 
of alkaloid in the roots of these plants is the result 
of little translocation having taken place into the 
poorly developed etiolated shoots. Subsequent 
work has shown, moreover, that etiolated shoots 
from plants receiving similar treatment are able to 
synthesize alkaloid to a small extent. The yield of 
volatile bases is also stimulated by subjecting the 
plants to continued darkness for 3 months at the 
beginning of the growing season; hence it may also 
be assumed that conditions leading to accumulation 
of amino-acids and carbohydrate derivatives favour 
synthesis of these bases. 

In the injection experiments an increase in alka- 
loid content of 0-05% over that of the controls is 
considered significant, although, if limiting factors 
are operating, it would not necessarily follow that 
values below this figure rule out the possibility that 
the substances in question act as intermediates in 
alkaloid synthesis. It is to be noted that, after 
injection, the increase of alkaloid in the leaves is 
usually more marked than in roots, but if synthesis 
is taking place in the root and the alkaloid moves 
to the leaves large variations in the root would not 
be expected. In many instances the stimulating 
effect of glucose is apparent and is probably due to 
the provision on breakdown of a ready source of 
energy and also of intermediates for hyoscyamine 
production. 

Before discussion of the effects of specific sub- 
stances on injection, it will be convenient to refer 
to laboratory syntheses of derivatives and near 
relatives of hyoscyamine. Robinson [1917] synthe- 
sized tropinone from succindialdehyde, methyl- 
amine and acetone-dicarboxylic acid, highly reac- 
tive substances which might occur in the plant. 
Robinson considers that succindialdehyde and 
methylamine may arise from the interaction of 
formaldehyde and ornithine, and acetone-dicarb- 
oxylic acid from citric acid. Schoépf & Lehmann 
[1935] showed that pH affected the yield of tro- 
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pinone, and obtained at pH 7 a yield of 73% and 
at pH 5 90%. Schépf [1937] synthesized teloidine 
from mesotartaric dialdehyde, methylamine and 
acetone-dicarboxylic acid. 

Of the various amines and amino-acids injected 
into plants of Atropa belladonna and Datura stra- 
monium, putrescine, arginine, hexamine and forma- 
mol are responsible for the greatest increase in the 
yield of alkaloid. The effect of putrescine, alone and 
in association with glucose, is especially marked 
and suggests that this diamine is an intermediate 
in the synthesis of hyoscyamine. Arginine injected 
in association with glucose likewise increases the 
content of alkaloid substantially. It is therefore 
inferred that arginine occupies a key position in the 
synthesis of hyoscyamine as the precursor of putres- 
cine. In processes of bacterial putrefaction, putres- 
cine is generally regarded as arising from arginine 
via ornithine, and in this connexion Gale [1940] has 
shown that a mixture of washed suspensions of 
Streptococcus faecalis Sargent and Escherichia coli 
growing in symbiosis produces putrescine from 
arginine by way of ornithine. The subsequent fate 
of putrescine is the subject of a later paper in 
which further experiments will be discussed. 

Hexamine and formamol in acid solution both 
give rise to formaldehyde and ammonium salts, 
formamol in addition yielding citrate, and hex- 
amine, on reduction, methylamine. These com- 
pounds are potential sources of probable inter- 
mediates in the synthesis of alkaloids of the tropane 
group and their effect on injection bears out this 
conclusion. None of the remaining substances in- 
jected gives a significant increase of alkaloid 
content. Urea appears to inhibit the production of 
alkaloid, and this observation was also previously 
made in experiments on urea feeding [Cromwell, 
1937]. It is considered that accumulation of urea 
in the tissues may influence adversely the formation 
of ornithine from arginine, thus inhibiting the 
production of putrescine. 

Methylamine, dimethylamine, trimethylamine 
and choline are each responsible for stimulation of 
alkaloid production when injected with glucose. 
Ackermann & Schiitze [1910, 1911] found methyl- 
amine and trimethylamine as the result of bacterial 
action on choline, and if methylamine is an inter- 
mediate in hyoscyamine synthesis it may be derived 
from choline, which is known to be present in the 
root of Atropa belladonna [Kunz, 1885]. Glycine, 
however, may provide methylamine on decarboxy- 
lation, and this amino-acid also causes a slight 
increase of alkaloid on injection. Lysine and proline 
both show. a stimulating effect. Ammonium sul- 
phate and asparagine give a positive result which 
may be due to their indirect effect on amino-acid 
production. Cadaverine, betaine, succinimide and 
potassium nitrate are virtually without effect. , 
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SUMMARY 


1. The seasonal distribution of hyoscyamine in 
the leaves, stems and roots of Atropa belladonna has 
been investigated. The maximum concentration in 
leaves, stems and roots occurs in July, the minimum 
in leaves during the early part of May and in roots 
in March. Little downward movement takes place 
from the leaves in autumn. 

2. Translocation experiments lead to the view 
that the root system is the principal seat of alkaloid 
synthesis. The alkaloid moves as such from the root 
system to stems, leaves, fruits and seeds. 


1943 


3. An approximate estimate of the seasonal 
distribution of carbohydrates has been made in 
plants growing under normal conditions and in 
plants deprived of light. 

4. The effects of injection of various amines and 
amino-acids have been studied. Putrescine, ar- 
ginine, hexamine and formamol stimulate alkaloid 
synthesis considerably. Putrescine is regarded as 
an intermediate in the synthesis of hyoscyamine. 

5. Plants sprouting in darkness give a high yield 
of alkaloid and volatile bases in both roots and 
etiolated shoots. 

6. The significance of these results is discussed. 
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The Role of Putrescine in the Synthesis of Hyoscyamine 


By B. T. CROMWELL, Department of Botany, University Coliege, Hull, and 
The West of Scotland Agricultural College, Glasgow 


(Received 10 November 1943) 


When putrescine (tetramethylenediamine) is intro- 
duced directly by injection into plants of Atropa 
belladonna and Datura stramonium, a considerable 
increase in the content of hyoscyamine has been 
found to occur. This result has been interpreted as 
an indication that putrescine is an intermediate in 
the synthesis of hyoscyamine [Cromwell, 1943]. If 
this interpretation is correct it becomes of interest 
to attempt to discover the manner in which putres- 
cine provides its contribution to the alkaloid mole- 
cule. If one bears in mind the use of succindi- 
aldehyde in the synthesis of tropinone by Robinson 
[1917] and Schépf & Lehmann [1935], the most 
probable conclusion would be that putrescine first 
gives rise to succindialdehyde as the result of 
oxidation. Alternatively, putrescine may undergo 
partial oxidation with the formation of an amino- 
aldehyde (y-aminobutyraldehyde). 

The occurrence of a diamine-oxidase system in 
animal tissues has been reported by Best & McHenry 
[1930], Zeller [1938, 1940], Zeller, Birkhauser, 


Mislin & Wenk [1939], and in bacteria by Gale 
Zeller [1938]- showed that this enzyme 


[1942]. 


brings about deamination of histamine, putrescine, 
cadaverine and agmatine, and Gale [1942], working 
with washed suspensions of Ps. pyocyanea, found 
that at pH 7-5 the oxidation of putrescine, cada- 
verine and agmatine proceeds to completion. Zeller 
[1940] reported inhibition of the diamine-oxidase 
system by cyanide, semicarbazide, choline, mono- 
amines, and over-optimal concentrations of sub- 
strate. It was thought that an enzyme bringing 
about oxidation of putrescine might exist in the 
tissues of Atropa, and accordingly an attempt was 
made to prepare an active extract from this plant. 


EXPERIMENTAL 


(1) Preparation of crude extract from Atropa roots, leaves 
and etiolated shoots. Freshly gathered material (500 g.) was 
washed and finely minced with silver sand in a mincing 
machine. The pulp was transferred to a muslin bag and 
pressed out in a strong hand-press. Sufficient glycerol was 
added to the press-juice to make 5% and the press-cake 
treated with the glycerol solution for $4 hr. The extract 
was again filtered through muslin and the residue pressed 
out. The combined press-juice and filtrate was centrifuged 
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for 15 min. at 2000 r.p.m., the supernatant solution poured 
off, dialyzed for 12 hr. at 2° and brought to the required pH 
(7-2 or 6-8). 

(2) Determination of the deaminating activity of 
extracts. A preliminary examination of the de- 
aminating activity was made by use of the colori- 
metric method described by Zeller [1940], who 
employed potassium indigo disulphonate as an 
indicator in the diamine-oxidase system, and found 
that the amount of dye decolorized was propor- 
tional to the amount of diamine oxidized. 

25 ml. of the enzyme extract of roots were placed 
in each of five 200 ml. conical flasks (a, b, c, d, e), 


* and 10 ml. M/15 phosphate buffer (pH 7-2), 2 ml. 


toluene and 1 ml. 0-05% solution of the dye were 
all added. Flasks a, b, c each received 5 mg. putres- 
cine dihydrochloride. Flask c was boiled for 
30 sec. before addition of reagents; d and e served 
as controls. 

All flasks were closed with rubber stoppers, 
placed in the incubator at 25°, and shaken periodi- 
cally. After 5 hr. incubation, decolorization was 
almost complete in flasks a and 6b, but had also 


PUTRESCINE IN HYOSCYAMINE SYNTHESIS 


723 


progressed in the controls to some extent. No de- 
colorization took place in c. This experiment gave 
some indication of the activity of a diamine-oxidase 
system in the extract. As a manometric determina- 
tion of enzyme activity was impracticable, ammonia 
was determined after incubation for 24 hr. at 25° 
by aeration followed by titration and Nesslerization. 

25 ml. of the extract (pH 7-2 or 6-8) were pipetted 
into each of seven 200 ml. conical flasks a, b, c, d, 
e, f and g. 10 ml. M/15 phosphate buffer of the 
required pH were added, followed by 2 ml. toluene. 
Flasks a, 6 and c each received 2 ml. of a solution 
of putrescine dihydrochloride, the equivalent of 
5 mg. Flask d, which had been boiled for 30 sec., 
received 5 mg. putrescine dihydrochloride. Flasks 
e and f were used as controls and g received 5 mg. 
putrescine dihydrochloride and 2 ml. M/50 KCN. 
Oxygen was introduced into the flasks in alternate 
experiments, the flasks closed with rubber stoppers 
and incubated at 25° for 24 hr. After incubation, 
¢ was examined for the presence of bacteria, and 
prior to aeration 5 mg. putrescine dihydrochloride 
were introduced into the controls. 5 ml. saturated 


Table 1. Deaminating activity of crude extracts of Atropa 
Ammonia (mg.) and aldehyde (+ etc.) present after incubation of flask 


a b d e % g 
(a) Root extract 
(1) Oxygen, pH 7-2 (Ammonia) 3-02 3-01 2-02 1-97 1-99 1-93 
(Aldehyde) ++ ++ + + + + 
(2) Air, pH 7-2 2-62 2-79 2-17 1-95 1-96 2-07 
++ ++ ~ + + + 
(3) Oxygen, pH 7-2 3-09 3-11 2-19 2-07 2-10 2-05 
++ ++ + ~ - + 
(4) Air, pH 7-2 2-24 2-25 2-04 1-85 1-87 1-82 
++ ++ = + + + 
(5) Oxygen, pH 6-8 2-24 2-36 2-10 1-98 1-97 1-98 
~ ++ + ~ =. + 
(6) Air, pH 6-8 2-27 | 2-23 2-22 2-09 2-05 2-04 
++ + + + + + 
(6) Extract from etiolated shoots 
(1) Air, pH 7-2 3-38 3-30 3-14 3-13 3-09 3-09 
++ - + + + + 
(2) Oxygen, pH 7-2 3-26 3-21 3-04 2-97 2-96 2-99 
++ ++ ~ + + a 
(3) Air, pH 7-2 3-11 3-13 3-04 3-04 2-99 2-97 
~ + + + ~ 
(4) Oxygen, pH 7-2 3-14 3-11 2-91 2-86 2-88 2-89 
++ + a + + 
(c) Extract from leaves 
(1) Oxygen, pH 7-2 2-18 2-14 2-16 2-09 2-13 2-09 
++ + + + + + 
(2) Air, pH 7-2 2-02 1-92 2-02 1-97 1-93 1-95 
7 _ + - 7 + 
(3) Oxygen, pH 7-2 2-30 2-26 2-31 2-22 2-21 2-21 
+ + + + a ~ 
(4) Air, pH 7-2 2-19 2-22 2-24 2:17 2-19 2-14 
¥ + + + - + é 
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K,CO, solution were run into each flask and aera- 
tion carried out for 40 min. at the temperature of the 
boiling water-bath. Approximately equal volumes 
of air were drawn through each of the flasks by 
means of aspirators, and the ammonia aerated into 
25 ml. N/100 acid and back-titrated with N/100 
alkali from a micro-burette. After titration the 
value was checked by the use of Nessler’s solution. 

Aldehyde production in a series of parallel experi- 
ments was gauged by the use of 2 : 4-dinitrophenyl- 
hydrazine in 2N HCl. After removal of protein by 
10% CCl;.COOH, 5 ml. of a saturated solution of 
2 : 4-dinitrophenylhydrazine in 2N HCl were added 
and the tubes allowed to stand for 4 hr. After this 
time the tubes were shaken and 10 ml. of the solu- 
tion transferred to a comparator tube. 5 ml. 20% 
NaOH were now added and the depth of colour 
compared in control and experimental tubes. 

From Table 1 it will be observed that the pre- 
sence of introduced putrescine results in an in- 
creased formation of ammonia and aldehyde in 
extracts of root and etiolated shoots but not to 
any extent in leaf extracts. It thus appears that 
putrescine is deaminated in the tissues of roots and 
etiolated shoots, with the formation of ammonia 
and an aldehyde. The activity of the extract is 
greater at pH 7-2 than at pH 6:8 and greater in 
oxygen than in air. 

Deamination is inhibited by the presence of 
cyanide and proceeds independently of bacterial 
activity. 7 

(3) EHaamination of leaves and upper stems of 
Atropa belladonna and Datura stramonium for 
putrescine. If putrescine is an intermediate in the 
synthesis of hyoscyamine it would be expected that 
it might be detectable in the tissues in certain 
circumstances. The probable occurrence of putres- 
cine in tissues of Datura stramonium has been re- 
ported by Ciamician & Ravenna [1911], and the 
presence of a diamine in the leaves of Atropa 
belladonna is mentioned by Greenish [1933]. The 
tetramethyl derivative of putrescine was isolated 
in 1907 by E. Merck from Hyoscyamus muticus 
[Henry, 1924}. 

An examination of leaves and upper stems was 
therefore made, by the method given below, with 
the object of isolating the diamine. 

2 kg. of tissue were finely minced, treated with 11. of 
saturated ether-chloroform water (4 vol. ether:1 vol. 
chloroform) and allowed to stand for 2 hr. The pulp was 
transferred to a muslin bag, pressed out, and the press-cake 
extracted twice with water (250 ml.). The combined ex- 
tracts were heated to 90° and the coagulable protein and 
tissue debris removed by centrifuging. The clear solution 
was concentrated to 300 ml. under reduced pressure and 
treated with lead acetate. The precipitate was filtered off 
and the lead removed from the filtrate with H,S. The 
filtrate was further concentrated, made slightly alkaline 
with NaOH and the alkaloids shaken out with 3 portions 
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of 100 ml. ether-chloroform mixture. After removal of 
alkaloids, the alkaline solution was gently warmed under 
reduced pressure to remove dissolved ether and ammonia, 
Histidine and arginine were precipitated (at pH 7-2 and 12 
respectively) with AgNO,, and the lysine fraction with 
phosphotungstic acid. The lysine precipitate was suspended 
in water and the bases regenerated with Ba(OH),. The 
filtrate was made slightly acid with dilute HCl and evapo- 
rated to dryness in vacuo. The residue was next made 
slightly alkaline with Na,CO,, extracted with absolute 
ethanol, filtered, and the bases precipitated by addition of 
a saturated solution of HgCl, in ethanol. After filtration, 
the precipitate was suspended in water, and mercury re- 
moved by H,S. To the filtrate a few drops of dilute HCl 
were added, the solution concentrated to 2 ml. and excess 
of absolute ethanol added. The crystals which separated 
on standing were removed by filtration, dissolved in the 
minimum amount of water, reprecipitated with absolute 
ethanol, and finally recrystallized from absolute methanol. 
Crystals were obtained which melted at 289°. (Putrescine 
dihydrochloride has m.p. 290°.) (Found: N, 17-:1%. Cale. 
for putrescine dihydrochloride, N, 17:-4%.) The yield of 
putrescine dihydrochloride from leaves and upper stems of 
Atropa belladonna gathered in May and June was nil, from 


leaves gathered in August 0-01 g., and from Datura stra- , 


monium gathered in August 0-022 g. On benzoylation and 
recrystallization from ether, 10 mg. of the dihydrochloride 
yielded 15mg. of crystals which melted at 175-176°. 
(Found: N,/4:82%. Calc. for dibenzoyl putrescine, N, 
449%, .) A mixed m.p. with authentic dibenzoyl putre- 
scine (m.p. 177°) showed no depression. 


On the assumption that putrescine was not lost 
in manipulation, it is concluded from this examina- 
tion that at certain periods the diamine shows slight 
accumulation in leaves and upper stems. During 
the early part of the growing season accumulation 
may be prevented by the activity of diamine- 
oxidase. 

Roots, leaves and etiolated shoots of Atropa were 
also examined for the presence of methylamine after 
ammonia had been removed by yellow HgO, but it 
was not possible to detect this amine with any degree 
of certainty. Formaldehyde also was absent from 
these tissues (dimedon test). Plants which had been 
injected with choline, betaine, hexamine, trimethyl- 
amine, dimethylamine and glycine likewise failed 
to show the presence of methylamine. Ammonia 
and aldehyde production, however, was intensified 
in plants injected with glycine, and also in cut 
shoots which were allowed to take up this amino- 
acid from dilute solution. 


DISCUSSION 


From the results of earlier experiments on Atropa 
belladonna it has been considered that putrescine 
forms a link in the chain of reactions leading to the 
synthesis of hyoscyamine and that the most active 
synthesis takes place in the root system. 

The occurrence of an enzyme system which brings 
about the oxidative deamination of putrescine (and 
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probably cadaverine) in roots and etiolated shoots 
adds further weight to the above considerations, 
and gives some degree of biological support to 
laboratory syntheses of certain members of the 
tropane group of alkaloids. The optimum pH for 
diamine-oxidase activity (7-2), however, is higher 
than that of the cell sap (5-8—6-2), but it does not 
follow that the pH of the protoplasm of certain 
cells or tissues must necessarily be the same as that 
of the cell sap. Fluctuations in pH values may 
induce the activity of enzymes which are adaptive 
and thus accumulation of acidic or basic groups 
may be prevented. For example, Gale [1940] has 
shown that the amino-acid-decarboxylase activities 
of bacteria are in some cases strictly adaptive. 

Arginine, the precursor of putrescine, either arises 
as an intermediate in the synthesis of protein or is 
produced from protein breakdown. In either case 
it is considered that arginine may be diverted to 
the production of putrescine. 

Partial oxidation of putrescine with the elimina- 
tion of one molecule of NH, would give rise to an 
amino-aldehyde, and succindialdehyde would be 
formed as the result of oxidation of both amino 
groups. Although neither of these aldehydes was 
isolated, it is presumed that one or both are present 
when putrescine is subjected to oxidation, in view 
of the positive reaction with 2 : 4-dithitrophenyl- 
hydrazine. The above reactions are represented in 
the following scheme: 

Arginine = Protein 
Succindialdehyde 
Ornithine > Putrescine €” 
Amino-aldehyde 


In accordance with the findings and suggestions 
of Robinson [1917, 1936], succindialdehyde and the 
amino-aldehyde might contribute to the molecules 
of tropinone (I) and nor-tropinone (II) according 
to the scheme outlined below: 
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would be produced. Similarly if cadaverine is pre- 
sent (from lysine) and undergoes oxidative de- 
amination to produce glutardialdehyde or an 
amino-aldehyde, a pyridine ring would result. 

The two alkaloids hyoscine and meteloidine, both 
closely related to hyoscyamine, occur together in 
Datura meteloides and on hydrolysis yield the bases 
scopine (IV) and teloidine (V) respectively. The 
occurrence of N-methyl-pyrroline in the leaves of 
Atropa belladonna and Datura spp. suggests a 
possible relationship between this base and scopine 
and teloidine. If, in N-methyl-pyrroline, the double 
bond is represented as occurring between carbon 
atoms 3 and 4 (III), linkage with oxygen would 
give part of the structure of scopine and subsequent 
addition of a molecule of water would then yield part 
of the teloidine molecule. The origin of the double 
bond might possibly be associated with a dehydro- 
genase similar to if not identical with succinic 
dehydrogenase. 


CH—CH, 
| ‘N.CH, 
H—CH, 
Il 
__— ——, 
% | 
“. DN CHOH 
H—CH—____CH, 
IV 
HO.CH—CH CH, 
| N.CH, buon 
HO.CH—GH—__—-CH, 
Vv 


As no evidence for the presence of methylamine 
in the tissues of Atropa belladonna and Datura 





CH,.CHO H CH, .CHOH CH, CH,.CH—_—CH, 
+ cH, > N.CH, + bo > | N.CH, do 
’ CH,.CHO H CH,.CHOH H, én,.éa—_—— _CH, 
I 
CH,.CHO CH,.CHOH CH,.CHOH CH, CH,.CH_____CH, 
| ad NH — | Na + bo — Na bo 
H,.CH,.NH, H,.CH, CH,.CHOH bay CH,. cf _dn, 
I 


Tropinone and nor-tropinone on reduction would 
yield tropine and nor-tropine, and linkage with 
tropic acid would then give hyoscyamine and nor- 
hyoscyamine. If an active acetone derivative (from 
carbohydrate via citric acid) were not immediately 
available, it is suggested that the volatile bases 
N-methyl-pyrrolidine or N-methyl-pyrroline (III) 


stramonium has yet been obtained, the origin of 
the methyl group attached to the N atom is still 
obscure. The presence of glyoxylic acid, however, 
is suspected, and it might possibly be responsible 
for the methylation of the N atom in the tropane 
group of alkaloids. Alternatively, an entire methyl 
group may be transferred from a highly methylated 
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compound such as betaine or choline [Challenger 


& Higginbottom, 1935; Challenger, 1942]. The 
formation of tetramethyl putrescine in Hyoscyamus 
muticus could be explained by assuming either that 
dimethylamine reacts with succindialdehyde, or 
that glyoxylic acid (or formaldehyde) brings about 
direct methylation of putrescine. 


SUMMARY 


1. An enzyme capable of oxidizing putrescine 
with the formation of ammonia and an aldehyde 
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has been shown to exist in the tissues of Atropa 
belladonna. 

2. The enzyme is_ located 
root system, but it also occurs 
shoots. 

3. Putrescine has been isolated in small amounts 
from leaves and upper stems of Atropa belladonna 
and Datura stramonium. 

4. The possible role of putrescine in the syn- 
thesis of hyoscyamine and related alkaloids is 
discussed. 


chiefly in the 
in etiolated 
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72. GENTISYL ALCOHOL (2:5-DIHYDROXYBENZYL ALCOHOL), 
A METABOLIC PRODUCT OF PENICILLIUM PATULUM BAINIER 


By J. H. BIRKINSHAW, A. BRACKEN anp H. RAISTRICK, Division of Biochemistry, 
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(Received 17 December 1943) 


Workers in this laboratory [Birkinshaw, Bracken, 
Michael & Raistrick, 1943] have recently described 
the isolation of patulin, C,;H,O,, believed to be 
anhydro-3-hydroxymethylene-tetrahydro-y-pyrone- 
2-carboxylic acid (I), from cultures of Penicillium 
patulum Bainier grown on Raulin-Thom medium. 
Patulin is a strong anti-bacterial substance. It 
completely inhibits the growth of a large series of 
Gram-positive and Gram-negative bacteria at con- 
centrations of 1 : 33,000 to 1: 100,000. It is also a 
powerful anti-fungal agent, since it completely in- 
hibits, at a concentration of 1 : 400,000, the growth 
of a number of species of Pythium which are plant 
pathogens [Anslow, Raistrick & Smith, 1943]. 
Birkinshaw et al. [1943] recorded that the ethereal 
mother liquors, from which patulin had been iso- 
lated, still contained other metabolic products of 
P. patulum. One of these products, which forms 
the subject of the present communication, has now 
been isolated, in yields of 0-6 g./l. of culture filtrate, 
and identified as gentisyl alcohol (2 : 5-dihydroxy- 


benzyl alcohol) (II). Gentisyl alcohol has only 
slight anti-bacterial activity against Staphylococcus 
aureus. 


O 
I 
C OH 
A JN 
H,C/ ——— 0} si eo | —CH,0H 
we] CH—CO L 
oe 
O OH 
I II 


It is a curious fact that, so far as we can ascertain, 
a compound of this simple chemical constitution 
has not been described previously, although the 
corresponding aldehyde, gentisic aldehyde, and the 
corresponding acid, gentisic acid, which is also 
formed by P. patulum, have been known for a long 
time. 
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The chemical constitution of the new metabolic 


product was established as follows. It has the 
empirical formula, C,H,O;. On long continued re- 
duction with Pd-norite-H, it is converted into 
toluquinol. Oxidation of the dimethyl ether of the 
metabolic product with KMnO, gives 2: 5-di- 
methoxybenzoic acid which on demethylation 
affords gentisic acid (2 : 5-dihydroxybenzoic acid). 
Finally, gentisyl alcohol was synthesized by the 
partial reduction of gentisic aldehyde, the initial 
quick reduction being stopped after the absorption 
of 1 mol. of hydrogen. Synthetic gentisyl alcohol 
and the new mould metabolic product have the 
same m.p. 100°, and a mixture of the two sub- 
stances melis at the same temperature. 


EXPERIMENTAL 


Isolation of the new metabolic product. Cultures of 
Penicillium patulum Bainier, strain Ad 77, on 
Raulin-Thom solution, were prepared in the usual 
way. After 14 days’ incubation at 24° the bulked 
culture filtrate from 52 flasks had the following 
characteristics: total vol. 16-14 1.; residual glucose 
by polarimeter, 0-74%; pH, 5-0; anti-bacterial ac- 
tivity against Staphylococcus aureus, complete inhi- 
bition at a dilution of 1 : 160, partial inhibition at 
1 : 320. The bulked filtrate was evaporated in vacuo 
to 800 ml. and extracted three times with 800 ml. 
each time of ethyl acetate. The extract was dried 
over Na,SO, and the solvent was removed in vacuo. 
The residual oil (58 g.) which was beginning to 
crystallize was dissolved in ether and passed 
through a coiumn of alumina as described by 
Birkinshaw et a]. [1943]. Two crops of patulin, 
wt. 19-42 and 0-88 g., were isolated. 

The ethereal mother liquors remaining after 
separation of the patulin were freed from solvent 
and the residual oil was dissolved in ether (150 ml.) 
and hot chloroform (11.) was added. The crude 
metabolic product separated in clysters of needles 
containing a little oil. The product was collected 
after 4 days and washed with a little ether. Wt. 
6-98 g., m.p. 98-99-5°. The mother liquor, after 
standing in an open flask for a considerable time, 
deposited a second crop of needles mixed with 
some oil. Wt. 2-90 g., m.p. 84-96°. 

Purification of the crude metabolic product pre- 
sented some difficulty owing to the tendency of the 
substance to separate as an oil. It also appears to 
be somewhat sensitive to heat. No completely 
satisfactory solvent was found and the method 
finally adopted was as follows: A portion (4 g.) of 
the first crop was finely powdered and added to 11. 
of boiling chloroform. The mixture was refluxed for 
5 min. and filtered. On cooling, 1-10 g. of almost 
colourless needles were obtained; m.p. 100° after 
sintering at 98°. The undissolved portion, 1-97 g., 
was reworked in subsequent crystallizations. 
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General properties of the metabolic product. Colour- 
less needles, m.p. 100°, which sublime in a high 
vacuum at a bath temperature of 70-80°, though 
not as readily as might be expected of a substituted 
quinol. (Found: C, 59-87, 60-01; H, 5-89, 6-06; 
N, nil; OCH,, nil. C,H,O, requires C, 60-01; 
H, 5:75%. 2-53 active H atoms in pyridine, 0-41 
atoms in anisole. Kuhn-Roth method gives 0-112 
mol. acetic acid.) 

It is readily soluble in water, ethanol and ether, 
slightly soluble in benzene and chloroform and in- 
soluble in light petroleum. An aqueous solution 
has the following properties: neutral to litmus; 
instantly decolorizes KMnO,; reduces AgNO, in the 
cold with mirror formation; gives an evanescent 
blue colour with aqueous FeCl,, changing almost 
immediately to yellow; reacts with aqueous iodine 
with absorption of two atoms of iodine which is 
slowly lost on titration with thiosulphate; does not 
react with hydroxylamine even after 24 hr. With 
2N NaOH it gives an immediate yellow colour 
rapidly darkening to strong reddish brown. When 
heated with 2N H,SO,, in which it is readily 
soluble in the cold, it gives in a few seconds a white 
amorphous precipitate. 

It gives nearly complete inhibition of the growth 
of Staphylococcus aureus at a concentration of 
1: 500, partial inhibition at 1: 1000 a 1 : 2000 
and no inhibition at 1 : 4000. 

Catalytic reduction of the metabolic product. For- 
mation of toluquinol. A solution of the metabolic 
product (0-5g.) in ethanol (10 ml.) was hydro- 
genated at ordinary pressure with a palladium- 
norite catalyst prepared from 0-2 g. of PdCl, and 
0-5 g. of norite. Hydrogenation, which was slow 
throughout, was discontinued after 8? hr. (Uptake 
of hydrogen, 57-8 ml. (corr.); theor. for uptake of 
2H per mol., 80 ml.) After filtering from catalyst 
the ethanol was removed in vacuo. A mass (0-48 g.) 
of crystals containing some oil remained. This 
material sublimed readily in a water-pump vacuum 
at a bath temperature of 110—115°. The sublimate 
formed large colourless blades, m.p. 127°, setting 
on cooling and remelting at 127°. Resublimed in a 
high vacuum the sublimate melted at 128°, alone 
or in admixture with authentic, sublimed tolu- 
quinol, m.p. 128°. (Found: C, 67-39; H, 6-40. 
Cale. for C,H,O,: C, 67-75; H, 6-50%.) 

Methylation of the metabolic product. A solution 
of the metabolic product (2-0g.) in dry ether 
(25 ml.) was treated with an excess of ethereal 
diazomethane for 3 days. On removal of the solvent 
a reddish oil (2-35 g.) remained, which, on distilla- 
tion in vacuo, gave 1-46 g. of a fairly mobile yellow 
oil, b.p. 140°/3-3mm. (Found: OCH;, 34-1. 
C,H,,0, requires, for 20CH;, 36-9%.) 

Oxidation of crude dimethoxy derivative. Forma; 
tion of 2 : 5-dimethoxybenzoic acid and demethylation 
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to gentisic acid. The above oil (1 g.) was suspended 
in hot water (50 ml.) containing N KOH (1 ml.) 
and to it was added a solution of KMnO, (1-5 g.) 
in hot water (150 ml.). After $ hr. heating on the 
water-bath no KMnO, remained. The solution was 
filtered, the filtrate evaporated to 25 ml. and 
acidified to Congo red with 2N HCl (3 ml.). An 
emulsion was formed which rapidly crystallized, 
forming colourless needles, wt. 0-55 g., m.p. 72-76°. 
After recrystallization from water the oxidation 
product melted at 75-76°, not depressed on ad- 
mixture with authentic, synthetic 2 : 5-dimethoxy- 
benzoic acid. (Found: C, 59-30; H, 5-60. Calc. for 
C,H, .0,: C, 59-33; H, 5-53%.) 

The acid (0-13 g.) was heated with HI (sp. gr. 
1-7; 3 ml.) in a Zeisel apparatus in a stream of CO,, 
the bath temperature being maintained at 130—140° 
during 1 hr. On cooling, fine brownish needles 
separated. These were collected and washed with 
conc. HCl. Wt. 0-07 g., m.p. 199-201°. The crystals 
gave a colourless crystalline sublimate in a high 
vacuum, m.p. 204° not depressed on admixture 
with authentic gentisic acid, m.p. 203°. (Found: 
C, 54-51; H, 4:09. Calc. for C,H,O,: C, 54-55; 
H, 3-92%.) 

Synthesis of gentisyl alcohol (2 : 5-dihydroxybenzyl 
alcohol). Identity with metabolic product. Gentisic 
aldehyde (2: 5-dihydroxybenzaldehyde) (0-5 g.), 
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prepared from salicylaldehyde by the method of 
Neubauer & Flatow [1907] and dissolved in ethanol 
(10 ml.), was hydrogenated at ordinary pressure 
with a palladium-norite catalyst prepared from 
0-2 g. of PdCl, and 0-5 g. of norite. The uptake of 
hydrogen was fairly rapid. Hydrogenation was 
discontinued after 50 min. (Uptake of hydrogen, 
82-5 ml. (corr.); theor. for uptake of 1 mol. H,, 
81-2 ml.) After filtering from catalyst the ethanol 
was removed in vacuo. A yellow oil (0-57 g.) re- 
mained and began to crystallize overnight. The 
product was recrystallized from chloroform in the 
same way as is described above for the purification 
of the crude metabolic product. After two re- 
crystallizations it was obtained as almost colourless 
needles, m.p. 99° after softening at 95°. It was 
finally sublimed in a high vacuum. Colourless 
crystalline sublimate, m.p. 100°, alone or in ad- 
mixture with the metabolic product. It also gave 
the same reactions. (Found: C, 60-09; H, 5-79. 
Cale. for C,H,O,: C, 60-01; H, 5-75%.) 


SUMMARY 


Gentisyl alcohol, 2 : 5-dihydroxybenzyl alcohol, occurs 
together with patulin as a metabolic product of 
Penicillium patulum Bainier. Its isolation, identifi- 
cation and synthesis are described. 
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of iodinin (McIlwain) 265 

Antibacterial action of stilbene derivatives (Brownlee, 
Copp, Duffin & Tonkin) 572 

Antigenic activity of arsanil-azo-gelatin 
Tunca & Schwerin) 249 

ar complex of Salmonella typhimurium (Freeman) 
01 

Antigenic complex of Salmonella typhimurium, examination 
of, in ultracentrifuge (Ogston) 612 

Antigenic properties of hyaluronic acid (Humphrey) 460 


(Haurowitz, 


Antimonial compounds, polarography and excretion of, in 
urine (Goodwin & Page) 198 

Antistreptococcal action of iodinin, anthraquinone and 
naphthaquinone as antagonists of (McIlwain) 265 


Arachidonic and linoleic acids, structure of (Arcus & 
Smedley-Maclean) 1 4 

Aromatic hydrocarbons, aerobic oxidation of (Warren) 
338 

Arsanil-azo-gelatin, non-antigenicity of (Haurowitz, Tunca 
& Schwerin) 249 

Arsenic, micro-determination of (Levvy) 598 

Ascorbic acid, see also Vitamin C 

Ascorbic acid, aerobic oxidation of aromatic hydrocarbons 
in presence of (Warren) 338 

Ascorbic acid in blood, estimation of (Richter & Croft) 706 

Ascorbic acid, dehydro-, detection of (Fearon & Kawerau) 
326 

Ascorbic acid, dehydro-l- (Penney & Zilva) 403 

Ascorbic acid, determination of, in presence of interfering 
substances (Levy) 714 

Ascorbic acid, determination of, in presence of sulphur 
dioxide (Levy) 713 

Ascorbic acid and _ glutathione, 
(Prunty & Vass) 506 

l-Ascorbic acid, Lugg’s method for determination of (Snow 
& Zilva) 623 

Ascorbic acid, oxidation of by o-dinitrobenzene (Fearon & 
Kawerau) 326 

Ascorbic acid, reduction of methaemoglobin by (Gibson) 
615 

Atropa belladonna L., synthesis of hyoscyamine in (Crom- 
well) 717 

Avian malaria, action of cinchona alkaloids on (Baranger 
& Thomas) 342 

Avitaminosis E, fluorescence of tissues in (Moore & Wang) 


relationship between 


i 
*Azo compounds, metabolism of (Elson & Warren) ix 
Azo reaction for vitamin B, (Platt & Glock) 439 


Bacteria, function of pantothenate in metabolism of (Hills) 
418 

*Bacteria, phosphatase in, phenolphthalein phosphate for 
testing of (Bray & King) v 

Bacteria, reduction of tetrathionate by (Pollock & Knox) 
476 

Bacteria, resistance of, to pantoyltaurine (McIlwain) xiii 

Bacterial enzymes, levan production by (Hestrin, Avineri- 
Shapiro & Aschner) 450 

Bacteriostatic activity and oxidation-reduction potentials 
of quinones (Page & Robinson) v 

Bear liver, vitamin A content and toxicity of (Rodahl & 
Moore) 166 

Beetle, flour, excretion of ethylquinone by (Alexander & 
Barton) 463 

Behenic acid, isolation of, from Mona wax (Reilly, Kilbride 
& Wilson) 195 

3:4-Benzpyrene, aerobic oxidation of (Warren) 338 

Benzpyrene, metabolism of (Weigert & Mottram) 497 

Bile acids, crystallization of, on foam (Bader & Schiitz) ix 

Bile, sulphanilamide derivatives in (Barber, Dible & 
Haslewood) vi 

Blood, adrenaline in (Raab) 470 

Blood, determination of glucose in, by microdiffusion 
method (O’Malley, Conway & Fitzgerald) 278 

Blood, estimaiion of ascorbic acid in (Richter & Croft) 706 

Blood group A specific polysaccharide-amino acid complex, 
electrophoresis of (Kekwick) 651 

Blood group A specificity of polysaccharide-amino acid 
complex (Morgan & King) 640 

Blood, lead in, spectrographic determination of (Tracy & 
McPheat) 683 

Blood, oxalate content of (Barrett) 254 
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Blood sedimentation rate, effect of plasma proteins on 
(Gordon & Wardley) 393 

Blood tetrapyrrolic pigments, metabolism of (O’Brien) 
Xxiv 

Bovine rumen, analysis of (Pearson & Smith) 142 

Bovine rumen, conversion of urea to ammonia in (Pearson 
& Smith) 148 

Bovine rumen, protein synthesis and breakdown in (Pearson 
& Smith) 153 

Bread, vitamin B, in (Accessory Food Factors Committee) 
433 

Butyric acid, «-keto-, oxidation of, by pigeon brain (Long) 
215 

Butyric acid, metabolism of, in animal tissue (Kleinzeller) 
678 





Caffeine, effect of, on haematins (Keilin) 281 

Calcification, in humerus and femur of young rats, effect of 
calcium on (Bruce & Kassner) 105 

Calcium, absorption of, effect of national wheatmeal on 
(Krebs & Mellanby) 466 

Calcium carbonate, and rickets in rats (Yudkin) 543 

Calcium in diets, effects on calcification of humerus and 
femur of young rats (Bruce & Kassner) 105 

Calcium phosphate, and rickets in rats (Yudkin) 

Calcium salts, and rickets in rats (Yudkin) 543 

Carbarsone, inhibition of coprosterol formation by (Rosen- 
heim & Webster) 580 

Carcinogenicity of heated cholesterol (Kirby) xi 

*Carotene in human plasma (Dziaoszynski, Mystkowski & 
Stewart) xi 

Carotene and vitamin A in serum (Hoch) 430 

Carotenes, microdetermination of (Urban, Milder & Car- 
ruthers) 295 

Carr-Price reaction, estimation of vitamin A by (Hoch) 425 

Catalase in Acetobacter species (Walker & Tosié) 10 

Catalase, liver (Lemberg & Legge) 117 

“Catalase test’, with reference to Acetobacter species 
(Walker & ToSi¢é) 10 

Cattle, urea as protein substitute in feeding of (Owen, 
Smith & Wright) 44 

Cereals, riboflavin in, microbiological and fluorometric assay 
of (Barton-Wright & Booth) 25 

Ceylon tea, ‘fermentation’ of (Sreerangachar) 
661; 667 

Chlorophenols, 
Hestrin) 589 

Cholestenone, an intermediate in coprosterol formation 
(Rosenheim & Webster) 513 

Cholesterol, heated, as potential carcinogen (Kirby) xi 

Cholesterol, total, free and ester, determination of (Popjak) 
468 

Cholic acid, preparation of deoxycholic acid from (Hasle- 
wood) 109 ; 

Cholinesterase (Mendel & Mundell) 64 

Cholinesterase (Mendel & Rudney) 59 

Cholinesterase, pseudo- (Mendel & Rudney) 59 

Cholinesterase, pseudo-, from dog pancreas, purification of 
(Mendel & Mundell) 64 

Cholinesterase and pseudo-cholinesterase, specific test for 
(Mendel, Mundell & Rudney) 473 

Chromatography of free amino-acids and peptides (Gordon, 
Martin & Synge) xiii 

Chromatography of porphyrins (Rimington) 443; vii; viii 

Chromatography of protein constituents (Gordon, Martin 
& Synge) 79 

Cinchona alkaloids, action of, on avian malaria (Baranger 
& Thomas) 342 

Citramalate, molybdate complexes of, effect of citrate on 
rotation of (Krebs & Eggleston) 334 

Citrate, effect of, on rotation of molybdate complexes 
(Krebs & Eggleston) 334 

Clostridium acetobutylicum, acetoacetic acid decarboxylase 
of (Davies) 230 

Clostridium butylicum, viscous metabolites of (Lythgoe & 

Madinaveitia) 6 


543 


653; 656; 


determination of (Zondek, Shapiro & 
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Co-carboxylase, thermal decomposition of (Booth) 518 

Colorimeter, photoelectric (Bell & Smellie) xii 

Complement activity and vitamin C (Kodicek & Traub) 
456 

Coproporphyrin, excretion of (Jope & O’Brien) x 

Coproporphyrin, separation of, from uroporphyrin (Riming- 
ton) vii 

Coprosterol formation and succinyl sulphathiazole (Rosen- 
heim & Webster) xix 

Coprosterol formation in vivo (Rosenheim & Webster) 513 

Coprosterol formation in vivo, inhibition of, by succinyl 
sulphathiazole and carbarsone (Rosenheim & Webster) 
580 

Corynebacterium diphtheriae, growth factor of (Chattaway, 
Happold & Sandford) xvi 

Cow-hide gelatin, partial acid hydrolysis of (Gordon, 
Martin & Synge) 92 

Creatine, estimation of (Eggleton, Elsden & Gough) 526 

Cryptogam plants, proteins of (Lugg) 132 

Crystallization on foam (Bader & Schiitz) ix 

Crystallography, X-ray, of fatty acids (Carlisle & Crowfoot) 
197 


Cystine, precipitation of, from protein hydrolysates (Bailey) 
365 

Datura stramonium L., synthesis of hyoscyamine in 
(Cromwell) 717 

Decarboxylase, acetoacetic acid, of Cl. acetobutylicum 
(Davies) 230 : 

Dehydroascorbic acid, detection of (Fearon & Kawerau) 
326 

Dehydro-l-ascorbic acid (Penney & Zilva) 403 

Dehydrogenase, fatty acid, in adipose tissue (Shapiro & 
Wertheimer) 102 

Denaturation of protein by heat, effect of salts on complex 
formation of (Kleczkowski) 30 

Dental depigmentation, in rat (Moore) 112 

Deoxycholic acid, preparation of, from cholic acid (Hasle- 
wood) 109 

*Deoxycorticosterone acetate, propylene glycol as solvent 
for (Sharpey-Schafer) v 

Depigmentation, dental, in rat (Moore) 112 

Detoxication, biosynthesis of aminophenylglucuronides 
(Williams) 329 

*Diabetes, in rabbit, produced by alloxan (Ware) xviii 

Diacetyl, estimation of (Eggleton, Elsden & Gough) 526 

Dicarboxylic acids of edestin, egg albumin and f-lacto- 
globulin (Chibnall, Rees & Williams) 372 

Dicarboxylic acids in protein hydrolysates, estimation of 
(Bailey, Chibnall, Rees & Williams) 360 

Dietary calcium, effect of, on calcification in rat humerus 
and femur (Bruce & Kassner) 105 

Dietary fat, influence of, on composition of milk fats 
(Hilditch & Jasperson) 238 

Diffusing factors, biological assay of, in guinea-pig (Hum- 
phrey) 177 

Diffusing factors, formation of, by Cl. butylicum (Lythgoe 
& Madinaveitia) 6 

Diffusing factors, hyaluronidase, assay of (McClean) 169 

2:5-Dihydroxybenzyl alcohol (gentisyl alcohol), metabolic 
product of Penicillium patulum Bainier (Birkinshaw, 
Bracken & Raistrick) 726 

2:3-Diketo-l-gulonic acid, determination of (Penney & 
Zilva) 39 

Dimethyl sulphate, etherification of silk fibroin by (Gordon, 
Martin & Synge) 538 

o-Dinitrobenzene, oxidation of ascorbic acid by (Fearon & 
Kawerau) 326 

Dissociation constant, relation of structure of phosphoric 
esters to (Delory & King) 547 

*Dissociation constant of urea, bearing on structure (Bell, 
Gillespie & Taylor) ii : 

Dissociation constants of galactose-l-phosphorie acid 
(Kosterlitz) 321 

Dog pancreas, purification of pseudo-cholinesterase from 

(Mendel & Mundell) 64 
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Edestin, dicarboxylic and basic amino-acids of (Chibnall, 
Rees & Williams) 372 

Egg albumin, dicarboxylic and basic amino-acids of 
(Chibnall, Rees & Williams) 372 

Egg albumin, nitrogen content of (Chibnall, Rees & 
Williams) 354 

Egg albumin, spectrophotometry of tyrosine in (Crammer 
& Neuberger) 302; iv 

Electrophoresis of blood group A specific polysaccharide- 
amino acid complex (Kekwick) 651 

Electrophoresis, fractionation of proteins by (Gutfreund) 186 

Enzymes, levan production by (Hestrin, Avineri-Shapiro & 
Aschner) 450 

Enzymes, oxidizing, and vitamin C, in tomatoes (Wokes & 
Organ) 259; i 

Enzymes, proteolytic, action of, on fibrinogen (Hind) 289 

Enzymes, in tea leaf, estimation of oxidizing activity of 
(Sreerangachar) 653 

Enzymes, in tea leaf, polyphenol oxidation by (Sreeran- 
gachar) 656 

Enzymes, vitamin C-oxidizing, in tomatoes (Wokes & 
Organ) 259; i 

Enzymic hydrolysis of phosphoric esters, relation of struc- 
ture to rate of (Delory & King) 547 

Escherichia coli, indole production by, inhibition of by 
glucose (Dawson & Happold) 389 

Ethylquinone, excretion of, by flour beetle (Alexander & 
Barton) 463 

Eye, tissues of, riboflavin and riboflavin adenine dinucleo- 
tide content of (Philpot & Pirie) 250 


Faeces, phosphatase in (Lawrie) 311 

Fat in diet, influence of, on composition of milk fats 
(Hilditch & Jasperson) 238 

Fats in liver, deposition of, action of amino-acids and 
proteins on (Channon, Mills & Platt) 483 

Fatty acid, behenic, isolation of, from Mona wax (Reilly, 
Kilbride & Wilson) 195 

Fatty acid dehydrogenase in adipose tissue (Shapiro & 
Wertheimer) 102 

Fatty acids, arachidonic and linoleic, structure of (Arcus 
& Smedley-Maclean) 1 

Fatty acids of milk fats, influence of dietary fat on (Hilditch 
& Jasperson) 238 

Fatty acids, X-ray crystallography of (Carlisle & Crowfoot) 
197 

Femur of young rats, effect of calcium on calcification in 
(Bruce & Kassner) 105 

Fermentation, acetone-butanol (Davies) 230 

Fermentation of Ceylon tea, oxidizing enzymes in (Sreeran- 
gachar) 653; 656 

Fermentation of galactose and _ galactose-1-phosphate 
(Kosterlitz) 322 

Fibrinogen, action of proteolytic enzymes on (Hind) 289 

Fibrinogen, in case of afibrinogenaemia (Pinniger & Prunty) 
XVI 

Fibrinogen, reducing properties of (Jaques) 344 

Fibrinogen, separation of, from ‘pepsin-inhibitor’ (Hind) 
293 

Fibroblasts, effect of vitamin B on (Paterson & Thompson) 
501 

Fibroblasts, nucleoprotein content of (Davidson & Way- 
mouth) 271 

Fibroin, silk, hydroxyamino-acids in, etherification of, by 
dimethyl sulphate (Gordon, Martin & Synge) 538 

Filter pads, growth stimulants in (Hunter) 577 

Filtrate factors in wheaten flours and offals (Copping) 12 

Flour beetle, excretion of ethylquinone by (Alexander & 
Barton) 463 

Flour, vitamin B, in (Accessory Food Factors Committee) 
433 

Flours, wheaten, riboflavin, vitamin B, and filtrate factors 
in (Copping) 12 

Fluorescence comparator, construction of (Schuster) 141 

Fluorescence comparator, determination of porphyrin by 
(Rimington) 137 


Fluorescence, measurement of (Ellinger & Holden) vii 

Fluorescence of tissues in avitaminosis E (Moore& Wang) i 

Fluorescent derivatives of N-methyl-chloro-nicotinamide 
(Coulson & Eliinger) xvii 

Foam, crystallization of bile acids on (Bader & Schiitz) ix 

Foetal haemoglobin, osmotic pressure of (McCarthy & 
Popjak) xviii 

Food, apparent vitamin C in (Wokes, Organ, Duncan & 
Jacoby) 695 

Food proteins, biological value of (Macrae, Henry & Kon) 
225 

Food, vitamin P potency of (Scarborough) xiii 

Foreman method for estimation of dicarboxylic acids 
(Bailey, Chibnall, Rees & Williams) 360 

Fruits and vegetables, vitamin P in (Coates & Bacharach) iv 


Galactose, assimilation of, in liver (Kosterlitz & Ritchie) 
618 

Galactose, fermentation of (Kosterlitz) 322 

Galactose-phosphate in liver, structure of (Kosterlitz) 318 

Galactose-1-phosphate, fermentation of (Kosterlitz) 322 

Galactose-1-phosphate in liver, estimation of (Kosterlitz 
& Ritchie) 181 ; 

Galactose-l-phosphoric acid, dissociation constants of 
(Kosterlitz) 321 

Gastric mucin of hog, blood group A specific polysaccharide- 
amino acid*complex from, electrophoresis of (Kekwick) 
651 

Gastric mucin of hog, blood group A specificity of poly- 
saccharide-amino acid complex from (Morgan & King) 
640 : 

Gelatin, arsanil-azo, non-antigenicity of (Haurowitz, Tunca 
& Schwerin) 249 

Gelatin of cow-hide, partial acid hydrolysis of (Gordon, 
Martin & Synge) 92 } 

tentisyl alcohol (2:5-dihydroxybenzyl alcohol), metabolic 
product of Penicillium patulum Bainier (Birkinshaw, 
Bracken & Raistrick) 726 

Glucose, assimilation of, in liver (Kosterlitz & Ritchie) 618 

Glucose in blood, microdiffusion method for determination 
of (O’Malley, Conway & Fitzgerald) 278 

Glucose, inhibition of indole production of Esch. coli by 
(Dawson & Happold) 389 

Glucose-1-phosphate in liver, estimation of (Kosterlitz & 
Ritchie) 181 

Glucose tolerance equation, intravenous (Greville) 17 

Glucuronides, aminophenyl-, biosynthesis and action of, on 
haemoglobin (Williams) 329 

Glutathione and ascorbic acid, relationship between (Prunty 
& Vass) 506 

Glycocyamine, effect of, on tumours (Bielschowsky) xv 

Glycogen, phosphorolysis and synthesis of, in animal tissues 
(Shapiro & Wertheimer) 397 

Gramicidin, amino-acid composition of (Gordon, Martin & 
Synge) 86 

Growth and acetyl lysine (Neuberger & Sanger) 515 

Growth factor of Corynebacterium diphtheriae (Chattaway, 
Happold & Sandford) xvi 

Growth factor in pancreatin (Davidson & Waymouth) xvi 

Growth stimulants in filter pads (Hunter) 577 

Guinea-pig, as test animal for assay of diffusing factors 
(Humphrey) 177 

Gulonic acid, 2:3-diketo-l-, determination of (Penney & 
Zilva) 39 


Haematins, effect of caffeine and iminazole compounds on 
(Keilin) 281 

Haemoglobin, absorption spectrum of (Jope, Jope & 
O’Brien) ix 

Haemoglobin, action of aminophenylglucuronides on 
(Williams) 329 

Haemoglobin, foetal, osmotic pressure of (McCarthy & 
Popjak) xviii 

Haemoglobin methods (King, Gilchrist & Delory) xix¢ 

Haemoglobin, O, capacity, iron- content and absorption 
spectrum of (Jope, Jope & O’Brien) ix 
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Haemoglobin, varieties of (Fox) xxii 

*Haemoglobinuria, ‘march’, in a soldier (Mitchell & 
Palmer) v 

Halide, influence of, on metabolism of Penicillium sclero- 
tiorum van Beyma (Reilly & Curtin) 36 

Halogenated phenols, metabolism of (Zondek & Shapiro) 
592 

Harineton, C. R. Resignation of, from post of senior 
editor 165 

Heparin, reaction of, with proteins and bases (Jaques) 189 

Hexose-1-phosphates, in liver, estimation of (Kosterlitz & 
Ritchie) 181 

*Histaminase in normal and toxaemic pregnancy (Kapeller- 
Adler) xii 

Histidine, excretion of, in urine (O’Brien & Quelch) xvii 

Hog, gastric mucin of, blood group A specific polysaccharide- 
amino acid complex from, electrophoresis of (Kekwick) 
651 

Hog, gastric mucin of, blood group A specificity of poly- 
saccharide-amino acid complex from (Morgan & King) 
640 

Humerus of young rats, effect of calcium on calcification in 
(Bruce & Kassner) 105 

Hyaluronic acid, antigenic properties of (Humphrey) 460 

Hyaluronidase, assay of (McClean) 169 

Hydrocarbons, aromatic, aerobic oxidationof (Warren) 338 

Hydrogen ion concentration, effect of, on thermal decom- 
position of aneurin and co-carboxylase (Booth) 518 

Hydrolysis, enzymic, of phosphoric esters, relation of 
structure to rate of (Delory & King) 547 

Hydrolysis, partial, of cow-hide gelatin (Gordon, Martin & 
Synge) 92 

Hydroxyamino-acids in silk fibroin, etherification of, by 
dimethyl sulphate (Gordon, Martin & Synge) 538 

8-Hydroxy-benzpyrene, conversion of benzpyrene to 
(Weigert & Mottram) 497 

Hyoscyamine, role of putrescine in synthesis of (Cromwell) 
722 

Hyoscyamine, synthesis of, in Atropa belladonna -L. and 
Datura stramonium L. (Cromwell) 717 


Iminazole compounds, effect of, on haematins (Keilin) 281 

Immunochemistry, blood group A specificity of poly- 
saccharide-amino acid complex from hog gastric mucin 
(Morgan & King) 640 

Indole production by Esch. coli, inhibition of, by glucose 
(Dawson & Happold) 389 

Injury and protein metabolism (Munro & Cuthbertson) xii 

Inositol in animal tissues, estimation of (Platt & Glock) 
709 

Insects, sterol requirements of (Fraenkel & Blewett) 692 

Insects, vitamin B requirements of (Fraenkel & Blewett) 
686 

Insulin, spectrophotometry of tyrosine in (Crammer & 
Neuberger) 302; iv 

lodinin, antistreptococcal action of (McIlwain) 265 

Iodometric determination of arsenic (Levvy) 598 

Iron content of haemoglobin (Jope, Jope & O’Brien) ix 

Isocitrate, molybdate complexes of, effect of citrate on 
rotation of (Krebs & Eggleston) 334 

Isocitric acid, determination of (Krebs & Eggleston) xv 


«-Ketobutyric acid, oxidation of, by pigeon brain, effect of 
phosphate and adenine nucleotide on (Long) 215 


8-Lactoglobulin, dicarboxylic and basic amino-acids of 
(Chibnall, Rees & Williams) 372 

Lead in blood, spectrographic determination of (Tracy & 
McPheat) 683 

Levan, enzymic production of (Hestrin, Avineri-Shapiro & 
Aschner) 450 

Linoleic acid, structure of (Arcus & Smedley-Maclean) 1 

Lipids, effect of, on osmotic pressure of serum proteins 
(Popjak & McCarthy) 702; xviii 

Liver, bear and seal, vitamin A content and toxicity of 
(Rodahl & Moore) 166 


Liver catalase (Lemberg & Legge) 117 

Liver fats, action of amino-acids and proteins on (Channon, 
Mills & Platt) 483 

Liver, galactose phosphate in, structure of (Kosterlitz) 
318 

Liver, glucose and galactose assimilation in (Kosterlitz & 
Ritchie) 618 

Liver, glucose-1-phosphate and galactose-1-phosphate in, 
estimation of (Kosterlitz & Ritchie) 181 

Lugg’s method for deterniination of l-ascorbic acid (Snow 
& Zilva) 630 

Lysine, acetyl derivatives of, and growth (Neuberger & 
Sanger) 515 

Lysine deficiency (Harris, Neuberger & Sanger) 508 


Magnesium reserves of skeleton, replenishment of (Duck- 
worth & Godden) 595 

Malaria, avian, action of cinchona alkaloids on (Baranger 
& Thomas) 342 

Malate, molybdate complexes of, effect of citrate on rotation 
of (Krebs & Eggleston) 334 


Malt extract, vitamin B, in (Wokes & Organ) iii 

Mammalian tissues, ribonucleic acid content of (Davidson 
& Waymouth) xi 

**March’ haemoglobinuria in a soldier (Mitchell & Palmer) 


Vv 

*Metabolism of azo compounds (Elson & Warren) ix 

Metabolism of bacteria, function of pantothenate in (Hills) 
418 

Metabolism of benzpyrene (Weigert & Mottram) 497 

Metabolism of blood tetrapyrrolic pigments (O’Brien) xxiv 

Metabolism of butyric acid in animal tissue (Kleinzeller) 
678 

Metabolism of halogenated phenols (Zondek & Shapiro) 
592 

Metabolism of micro-organisms, 
Bainier (Birkinshaw, Bracken & Raistrick) 726 

Metabolism of Penicillium sclerotiorum van Beyma, 
influence of halide on (Reilly & Curtin) 36 

Metabolism of proteins, response of, to injury (Munro & 
Cuthbertson) xii 

Metabolism of salicylic acid (Lutwak-Mann) 246 

Metabolism of stibophen (Goodwin & Page) 482 

Methaemoglobin, reduction of, by ascorbic acid (Gibson) 
615 

Michaelis constant, relation of structure of phosphoric 
esters to (Delory & King) 547 

Microdiffusion method for blood glucose (O’Malley, Con- 
way & Fitzgerald) 278 

Micro-organisms, metabolism of Penicillium patulum 
Bainier (Birkinshaw, Bracken & Raistrick) 726 

Milk fats, influence of dietary fat on composition of (Hil- 
ditch & Jasperson) 238 

Millon reaction for determination of chlorophenols (Zondek, 
Shapiro & Hestrin) 589 

Molybdate complexes, effect of citrate on rotation of 
(Krebs & Eggleston) 334 

Mona wax, isolation of behenic acid from (Reilly, Kilbride 
& Wilson) 195 

Mona wax, X-ray crystallography of fatty acids of (Carlisle 
& Crowfoot) 197 

Mycobacterium, respiration and nutrition of (Edson & 
Hunter) 563 


Penicillium patulum 


Naphthaquinone, as antagonist of antistreptococcal action 
of iodinin (McIlwain) 265 

Nicotinamide, N-methyl-chloro-, fluorescent derivatives of 
(Coulson & Ellinger) xvii 

Nicotinic acid in urine, estimation of (Wang & Kodicek) 
530 

Nitrogen content of proteins (Chibnall, Rees & Williams) 
354 

Nucleoprotein in fibroblasts (Davidson & Waymouth) 271 

Nucleotide, adenine, effect of, on oxidation of «-keto-acids 
(Long) 215 

Nutrition of Mycobacterium (Edson & Hunter) 563 
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Obituary notice of Ernest Walker 449 

Obituary notice of William John Young 165 

Offals, _— vitamin B, and filtrate factors in (Cop- 
ping) 1 

Osmotic pressure of ‘defatted’ human serum (Popjak & 
McCarthy) 702; xviii 

Osmotic pressure of foetal haemoglobin (McCarthy & 
Popjak) xviii 

Oxalate in blood (Barrett) 254 

*Oxidase system in potato tuber (Boswell) xiv 

Oxidase system in tea, nature of (Sreerangachar) 661 

Oxidase in tea, prosthetic group of (Sreerangachar) 667 

Oxidation of acetic acid in Acetobacter turbidans (ToSié & 
Krebs) xv 

Oxidation of acetic acid in animal tissue (Kleinzeller) 674 

Oxidation, aerobic, of aromatic hydrocarbons (anthracene 
and 3:4-benzpyrene) (Warren) 338 

Oxidation of ascorbic acid by o-dinitrobenzene (Fearon & 
Kawerau) 326 

Oxidation of butyric acid in animal tissue (Kleinzeller) 
678 

Oxidation of «-keto-acids, effect of adenine nucleotide on 
(Long) 215 

Oxidation of polyphenols by tea enzymes (Sreerangachar) 
656 

Oxidation-reduction potentials and bacteriostatic activity 
of quinones (Page & Robinson) v 

Oxidizing enzymes in tea leaf, estimation of (Sreeran- 
gachar) 653 

Oxidizing enzymes and vitamin C in tomatoes (Wokes & 
Organ) 259;i 

Oxygen capacity of haemoglobin (Jope, Jope & O’Brien) 
ix 


Pancreas of dog, purification of pseudo-cholinesterase from 
(Mendel & Mundell) 64 

Pancreatin, tissue growth factor in (Davidson & Way- 
mouth) xvi 

Pantothenate in bacterial metabolism (Hills) 418 

Pantothenic acid, biological assay of (Bacon & Jenkins) 
492 

Pantothenic acid, rat growth method for assay of (Bacon 
& Jenkins) v 

Pantoyltaurine, resistance of bacteria to (McIlwain) xiii 

Partition chromatography of amino-acids and peptides 
(Gordon, Martin & Synge) xiii 

Penicillium patulum Bainier, production of gentisyl alcohol 
(2:5-dihydroxybenzyl alcohol) by (Birkinshaw, Bracken & 
Raistrick) 726 

Penicillium sclerotiorum van Beyma, metabolism of, in- 
fluence of halide on (Reilly & Curtin) 36 . 

Penicillium sclerotiorum van Beyma, sclerotiose, metabolite 
of (Albericci, Curtin & Reilly) 243 

‘Pepsin-inhibitor’, separation of fibrinogen from (Hind) 
293 

Peptides and amino-acids, partition chromatography of 
(Gordon, Martin & Synge) xiii 

*Phenolphthalein phosphate, for testing phosphatase in 
bacteria (Bray & King) v 

Phenols, halogenated, metabolism of (Zondek & Shapiro) 
592 

*Phosphatase in bacteria, phenolphthalein phosphate for 
testing of (Bray & King) v 

Phosphatase in faeces (Lawrie) 311 

Phosphate, effect of, on oxidation of «-keto-acids (Long) 
215 

Phosphoric esters, enzymic hydrolysis of (Delory & King) 
547 

Phosphoric esters, relation of structure of, to dissociation 
and Michaelis constants and rate of enzymic hydrolysis 
(Delory & King) 547 

Phosphorolysis of glycogen in tissues (Shapiro & Wert- 
heimer) 397 

Phosphorus, determination of (Holman) 256 

Phosphorylase in animal tissues (Shapiro & Wertheimer) 
397 


Photoelectric absorptiometer, Spekker, application of, to 
determination of vitamin C (Taylor) 54 

Photoelectric colorimeter (Bell & Smellie) xii 

Pig, nutritive value of potato protein for (Hutchinson, 
Bacon, Macrae & Worden) 550 

Pigment, loss from rat teeth (Moore) 112 

Pigments, tetrapyrrolic, of blood, metabolism of (O’Brien) 
XXiv 

Plant viruses, examination of, in ultracentrifuge (Ogston) 
78 

Plant viruses, inactivation of (Bawden & Pirie) 70 

Plant viruses, purifigation of (Bawden & Pirie) 66 

Plants, cryptogam, proteins of (Lugg) 132 

Plants, tetrapyrrols in (Hill) xxiii 

Plasma proteins, in case of afibrinogenaemia (Pinniger & 
Prunty) xvi ¥ 

Plasma proteins, effect of, on blood sedimentation rate 
(Gordon & Wardley) 393 

*Plasma, vitamin A and carotene in (Dziaoszynski, Myst- 
kowski & Stewart) xi 

Plasma, vitamin C in, correlation of, with urinary saturaticn 
tests (Prunty & Vass) xviii E 

Polarography of antimonial compounds in urine (Goodwin 
& Page) 198 

Polyphenol oxidation by tea enzymes (Sreerangachar) 656 

Polysaccharide-amino acid complex, blood group A spe- 
cificity of (Morgan & King) 640 | 

Polysaccharide-amino acid complex from hog gastric mucin, 
electrophoresis of (Kekwick) 651 

Porphyrin, determination of, by fluorescence comparator 
(Rimington) 137 

Porphyrinopathies (Rimington) xxv 

Porphyrins, determination of, in urine (Rimington) 443; 
Vili 

Porphyrinuria, acute idiopathic, case of (Kench) ii 

Potato protein, nutritive value of, for pig (Hutchinson, 
Bacon, Macrae & Worden) 550 

Potato protein, nutritive value of, for pig, statistical analysis 
of (Irwin & Hutchinson) 561 

*Potato tuber, oxidase system in (Boswell) xiv 

Potatoes, vitamin B, content of (Meiklejohn) 349 

*Pregnancy, normal and toxaemic, histaminase in (Kapeller- 
Adler) xii 

Pregnancy, toxaemia of, and vitamin B, (Kapeller-Adler & 
Cartwright) ii 

*Propylene glycol as solvent for deoxycorticosterone ace- 
tate (Sharpey-Schafer) v , 

Protein complexes, effect of salts on formation of, during 
heat denaturation (Kleczkowski) 30 

Protein constituents, chromatography in study of (Gordon, 
Martin & Synge) 79 

Protein, fibrinogen, reducing properties of (Jaques) 344 

Protein, fibrinogen, separation from ‘pepsin-inhibitor’ of 
(Hind) 293 

Protein hydrolysates, dicarboxylic acids in, estimation of 
(Bailey, Chibnall, Rees & Williams) 360 2 

Protein hydrolysates, precipitation of cystine from (Bailey) 
365 

Protein metabolism and injury (Munro & Cuthbertson) 
xii 

Protein in potato, nutritive value of, for pig (Hutchinson, 
Bacon, Macrae & Worden) 550 

Protein in potato, nutritive value of, for pig, statistical 
analysis of (Irwin & Hutchinson) 561 

Protein substitute, urea, in feeding of cattle (Owen, Smith 
& Wright) 44 

Protein, synthesis and breakdown of, in bovine rumen 
(Pearson & Smith) 153 

Proteins, action of, on liver fats (Channon, Mills & Platt) 
483 

Proteins, biological value of (Macrae, Henry & Kon) 225 

Proteins of cryptogam plants (Lugg) 132 ; : 

Proteins, edestin, egg albumin and -lactoglobulin, di- 
carboxylic and basic amino-acids of (Chibnall, Rees ¢& 
Williams) 372 

Proteins, electrophoretic fractionation of (Gutfreund) 186 
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Proteins in food at Royal Air Force Stations, biological 
value of (Macrae, Henry & Kon) 225 

Proteins, nitrogen content of (Chibnall, Rees & Williams) 
354 

Proteins of plasma, in case of afibrinogenaemia (Pinniger 
& Prunty) xvi 

Proteins of plasma, effect of, on blood sedimentation rate 
(Gordon & Wardley) 393 

Proteins, reaction of heparin with (Jaques) 189 

Proteins of serum, effect of lipids on osmotic pressure of 
(Popjak & McCarthy) 702; xviii 

Proteins, spectrophotometry of (Crammer & Neuberger) 
302; iv 

Proteolytic enzymes, action of, on fibrinogen (Hind) 289 

Pseudo-cholinesterase (Mendel & Rudney) 59 

Pseudo-cholinesterase and cholinesterase, specific test for 
(Mendel, Mundell & Rudney) 473 

Pseudo-cholinesterase from dog pancreas, purification of 
(Mendel & Mundell) 64 


Putrescine, in synthesis of hyoscyamine (Cromwell) 722 


Pyrogallol, protection of tocopherol by (Moore & Tosié) 


X1V 
Pyruvie acid, oxidation of, by pigeon brain, effect of 
phosphate and adenine nucleotide on (Long) 215 


Quinones, relationship between bacteriostatic activity and 
oxidation-reduction potentials of (Page & Robinson) v 


*Rabbit, diabetes in, produced by alloxan (Ware) xviii 

Rabbit, excretion of sulphanilamide derivatives in bile of 
(Barber, Dible & Haslewood) vi 

Rat, assay of pantothenic acid with (Bacon & Jenkins) 492 

Rat, dental depigmentation in (Moore) 112 

Rat, femur and humerus, effect of calcium on calcification 
in (Bruce & Kassner) 105 

Rat growth method for assay of pantothenic acid (Bacon 
& Jenkins) v 

Rat, lysine deficiency in (Harris, Neuberger & Sanger) 508 

Rat, rickets in, efficacy of calcium salts in prevention of 
(Yudkin) 543 

Rat uterus, in vitamin E deficiency (Sweeten) 523 

Reducing properties of fibrinogen (Jaques) 344 

Reductones, determination of ascorbic acid in presence of 
(Levy) 714 

Respiration of Mycobacterium (Edson & Hunter) 563 

Riboflavin adenine dinucleotide in ocular tissues (Philpot 
& Pirie) 250 

Riboflavin in cereals, microbiological and fluorometric 
assay of (Barton-Wright & Booth) 25 

Riboflavin, microbiological assay of (Chattaway, Happold 
& Sandford) 298 

Riboflavin in ocular tissues (Philpot & Pirie) 250 

Riboflavin in wheaten flours and offals (Copping) 12 

Ribonucleic acid content of mammalian tissues (Davidson 
& Waymouth) xi 

Rickets in rats, efficacy of calcium salts in prevention of 
(Yudkin) 543 

Rumen, bovine, analysis of (Pearson & Smith) 142 

Rumen, bovine, conversion of urea to ammonia in (Pearson 
& Smith) 148 

Rumen, bovine, synthesis and breakdown of protein in 
(Pearson & Smith) 153 

Rumen, bovine, utilization of urea in (Pearson & Smith) 
142; 148; 153 


Salicylic acid, metabolism of (Lutwak-Mann) 246 

Salmonella typhimurium, antigenic complex of (Freeman) 
601 

Salmonella typhimurium, antigenic complex of, ultracentri- 
fugal examination of (Ogston) 612 

Salts, effect of, on formation of protein complexes during 
heat denaturation (Kleczkowski) 30 

Sclerotiose, product of Penicillium sclerotiorum van Beyma 
(Albericci, Curtin & Reilly) 243 

Seal liver, vitamin A content of (Rodahl & Moore) 
166 
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Sedimentation rate of blood, effect of plasma proteins on 
(Gordon & Wardley) 393 

Serum, ‘defatted’ human, osmotic pressure of (Popjak & 
McCarthy) 702; xviii 

Serum, vitamin A and carotene content of (Hoch) 430 

Silk fibroin, hydroxyamino-acids in, etherification of, by 
dimethyl sulphate (Gordon, Martin & Synge) 538 

Skeleton, replenishment of magnesium reserves of (Duck- 
worth & Godden) 595 

Soils, sterol content of (Turfitt) 115 

*Soldier, ‘march’ haemoglobinuria in (Mitchell & Palmer) v 

Spectrography of lead in blood (Tracy & McPheat) 683 

Spectrophotometry of tyrosine in egg albumin and insulin 
(Crammer & Neuberger) 302; iv 

Spekker photoelectric absorptiometer, application of, to 
determination of vitamin C (Taylor) 54 

Steroids, microbiological degradation of (Turfitt) 115 

Sterol content of soils (Turfitt) 115 

Sterol requirements of insects (Fraenkel & Blewett) 

Stibophen, metabolism of (Goodwin & Page) 482 

Stilbene derivatives, antibacterial action of (Brownlee, 
Copp, Duffin & Tonkin) 572 

Streptococcus, antagonism of anthraquinone and naphtha- 
quinone to antistreptococcal action of iodinin (Mcllwain) 
265 

Succinyl sulphathiazole and coprosterol formation (Rosen- 
heim & Webster) xix 

Succinyl sulphathiazole, inhibition of coprosterol formation 
by (Rosenheim & Webster) 580 

Sulphanilamide derivatives, concentration of, in bile of 
rabbits (Barber, Dible & Haslewood) vi 

Sulphathiazole, succinyl-, and coprosterol formation (Rosen- 
heim & Webster) xix 

Sulphur dioxide, determination of ascorbic acid in presence 
of (Levy) 713 


692 


Tea, Ceylon, ‘fermentation’ of (Sreerangachar) 653; 656; 
661; 667 

Tea, Ceylon, oxidizing enzyme in 
(Sreerangachar) 653; 656 

Tea enzymes, polyphenol oxidation by (Sreerangachar) 
656 

Tea oxidase, prosthetic group of (Sreerangachar) 667 

Tea-oxidase system, nature of (Sreerangachar) 661 

Tetrapyrrolic pigments in blood, metabolism of (O’Brien) 
Xxiv 

Tetrapyrrols in plants (Hill) xxiii 

Tetrapyrrols, properties and function of (Keilin) xxi 

Tetrathionate, bacterial reduction of (Pollock & Knox) 476 

Thiochrome method for estimating vitamin B, (Accessory 
Food Factors Committee) 436 

Tissue, animal, acetic acid oxidation in (Kleinzeller) 674 

Tissue, animal, inositol in, estimation of (Platt & Glock) 
709 

Tissue, animal, metabolism of butyric acid in (Kleinzeller) 
678 

Tissue glycogen, phosphorolysis and synthesis of (Shapiro 
& Wertheimer) 397 

Tissue growth factor in pancreatin (Davidson & Way- 
mouth) xvi 

Tissues, adrenaline in (Raab) 470 

Tissues, fluorescence of, in avitaminosis E (Moore & Wang) 
i 

Tissues, mammalian, ribonucleic acid content of (Davidson 
& Waymouth) xi 

Tissues, phosphorylase in (Shapiro & Wertheimer) 397 

Tobacco mosaic virus, purification of (Bawden & Pirie) 
66 

Tocopherol, protection of, with pyrogallol during saponifica- 
tion (Moore & ToSi¢) xiv 

Tomato bushy stunt virus, examination of, in ultracentri- 
fuge (Ogston) 78 

Tomato bushy stunt virus, inactivation of (Bawden & 
Pirie) 70 

Tomato bushy stunt virus, purification of (Bawden & Pirie) 
66 
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Tomatoes, oxidizing enzymes and vitamin C in (Wokes & 
Organ) 259;i 

Tomatoes, vitamin C and oxidizing enzymes in (Wokes & 
Organ) 259;i 

Toxaemia of pregnancy, histaminase in (Kapeller-Adler) 
xii 

Toxaemia of pregnancy, and vitamin B, (Kapeller-Adler & 
Cartwright) i 

Tryptophanase-tryptophan reaction (Dawson & Happold) 
389 

Tumours induced by acetyl-amino-fluorene, effect of glyco- 
cyamine on (Bielschowsky) xv 

Tyrocidine, amino-acid composition of (Gordon, Martin & 
Synge) 313 

Tyrosine in egg albumin and in insulin, spectrophotometry 
of (Crammer & Neuberger) 302; iv 


Ultracentrifuge, examination of antigenic complex of 
Salmonella typhimurium in (Ogston) 612 

Ultracentrifuge, examination of tomato bushy stunt virus 
in (Ogston) 78 

Urea in bovine rumen, conversion of, to ammonia (Pearson 
& Smith) 148 

Urea in bovine rumen, utilization of (Pearson & Smith) 
142; 148; 153 

*Urea, dissociation constant of, bearing on structure (Bell, 
Gillespie & Taylor) ii 

Urea as protein substitute in feeding of cattle (Owen, 
Smith & Wright) 44 

Urinary saturation tests and plasma vitamin C concentra- 
tion (Prunty & Vass) xviii 

Urine, excretion of histidine in (O’Brien & Quelch) xvii 

Urine, nicotinic acid in, estimation of (Wang & Kodicek) 
530 

Urine, polarography and excretion of antimonial com- 
pounds in (Goodwin & Page) 198 

Urine, porphyrins in, determination of (Rimington) 443; 
Viii 

Urine, preparation of uroporphyrin from (Rimington) vii 

Uroporphyrin in pathological urines, quantitative deter- 
mination of (Rimington) 443; viii 

Uroporphyrin, preparation of (Rimington) vii 

Uroporphyrin, separation of, from coproporphyrin (Riming- 
ton) vii 

Uterus, rat, in vitamin E deficiency (Sweeten) 523 


Vegetables and fruits, vitamin P in (Coates & Bacharach) 
iv 

Viruses, tomato bushy stunt, examination of, in ultra- 
centrifuge (Ogston) 78 

Viruses, tomato bushy stunt, inactivation of (Bawden & 
Pirie) 70 

Viruses, tomato bushy stunt and tobacco mosaic, purifica- 
tion of (Bawden & Pirie) 66 

Viscous metabolites, formation of, by Cl. butylicum (Lythgoe 
& Madinaveitia) 6 

Vitamin A in bear and seal liver (Rodahl & Moore) 166 

Vitamin A, biological assay of (Gridgeman) 127 

Vitamin A, estimation of (Hoch) 425 

*Vitamin A in human plasma (Dziaoszynski, Mystkowski 
& Stewart) xi 


Vitamin A, microdetermination of (Urban, Milder & Car- 
ruthers) 295 

Vitamin A in serum, effect of carotene administration on 
(Hoch) 430 

Vitamin A, toxicity of (Moore & Wang) viii 

Vitamin B, effect of, on fibroblasts (Paterson & Thompson) 
501 

Vitamin B requirements of insects (Fraenkel & Blewett) 
686 

Vitamin B,, see also Aneurin 

Vitamin B, , estimation of, by thiochrome method (Accessory 
Food Factors Committee) 436 

Vitamin B, in flour and bread (Accessory Food Factors 
Committee) 433 

Vitamin B, in flour, estimation of (Platt & Glock) 439 

Vitamin B, in malt extract (Wokes & Organ) iii 

Vitamin B,, micro-method for estimation of (Hinton) 
585 

Vitamin B, in national flour and bread (Accessory Food 
Factors Committee) 433 

Vitamin B, in potatoes (Meiklejohn) 349 

Vitamin B, and toxaemia of pregnancy (Kapeller-Adler & 
Cartwright) ii 

Vitamin B, in wheaten flours and offals (Copping) 12 

Vitamin C, see also Ascorbic acid 

Vitamin C, apparent, in foods (Wokes, Organ, Duncan & 
Jacoby) 695 

Vitamin C and complement activity (Kodicek & Traub) 
456 

Vitamin C, determination of, application of Spekker photo- 
electric absorptiometer to (Taylor) 54 

Vitamin C nutrition (Prunty & Vass) xviii 

Vitamin C nutrition, assessment of (Prunty & Vass) 
623 

Vitamin C and oxidizing enzymes in tomatoes (Wokes & 
Organ) 259;i 

Vitamin C in plasma, correlation of, with urinary satura- 
tion tests (Prunty & Vass) xviii 

Vitamin D,, biological assay of (Jones & Elliot) 209 

Vitamin E deficiency, fluorescence of tissues in (Moore & 
Wang) i 

Vitamin E deficiency in rat, uterine changes in (Sweeten) 
523 

Vitamin methods, estimation of nicotinic acid in urine 
(Wang & Kodicek) 530 

Vitamin P in fruits and vegetables (Coates & Bacharach) iv 

Vitamin P potency of foodstuffs (Scarborough) xiii 


Wax, isolation of behenic acid from (Reilly, Kilbride & 
Wilson) 195 

Wax, Mona, X-ray crystallography of fatty acids of (Car- 
lisle & Crowfoot) 197 

Wheaten flours, riboflavin, vitamin B, and filtrate factors 
in (Copping) 12 

Wheatmeal, national, effect of, on calcium absorption 
(Krebs & Mellanby) 466 


X-ray crystallography of fatty acids (Carlisle & Crowfoot) 
197 


Youne, William John, Obituary notice of 165 
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